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Abstract 
Fisher, Brett J. M.S., Department of Biological Sciences, Wright State University, 2011. 
The effect of mycorrhizal inoculation prior to transplantation on wetland restoration 
success in sites of different land use histories. 
 
  
One factor used to determine wetland mitigation success is the establishment of 
native wetland plant species. Although mycorrhizal associations are known to be present 
in 70 to 95% of all plant species and have been linked to seedling establishment as well 
as nutrient and carbon flux within plant communities, the presence or absence of 
mycorrhizal fungi are not assessed or addressed during wetland mitigation work. Three 
experiments were devised to examine the effects of mycorrhizal fungi on the germination 
and growth of native wetland plant species in soils and field sites from natural, restored, 
and created wetlands.  
Greenhouse experiment I was a small scale greenhouse experiment in which soil 
from Siebenthaler Fen (SF), a high quality wetland, was used to inoculate plants with 
mycorrhizal fungi to determine its effect on germination and growth. Inoculation 
significantly affected shoot height of 30% of plant species and fresh weight of 100% of 
plant species. Field soils significantly affected both fresh and dry weight of 70% of plant 
species independent of inoculation. 
Greenhouse experiment II was a large-scale greenhouse experiment in which a 
produced soil inoculum was used to infect plants with mycorrhizal fungi to determine its 
effect on the growth of four native wetland plants. Inoculation significantly affected 
shoot height, dry weight, and arbuscular colonization of Mimulus ringens L. The overall 
affect of field soils were few and highly varied. 
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In the field experiment, native wetland plants were inoculated with MycoGrowTM 
Soluble in the greenhouse prior to transplantation into natural, restored, and created 
wetlands to determine the effect of soil inoculation containing mycorrhizal fungi on plant 
growth and establishment. Soil inoculation significantly decreased shoot dry weight of M. 
ringens but did not impact the shoot height, leaf count, or shoot count of any species. 
Field site location significantly affected shoot height of M. ringens, C. vulpinoidea, and 
C. stipata.  
In this study, the effects of soil inoculation containing mycorrhizal fungi varied 
greatly between plant species and field sites and soils throughout all three experiments. 
When inoculated, the growth of some plants increased, some were not affected, and 
others decreased. Though not true for all species, M. ringens displayed clear correlations 
between inoculation and growth in the greenhouse. The plant shoot height, dry weight, 
and arbuscular colonization of M. ringens were all significantly affected by inoculation. 
For M. ringens, inoculation increased arbuscular colonization while reducing plant shoot 
height and dry weight. In the field, shoot dry weight of M. ringens was once again 
significantly decreased by inoculation; however, a direct correlation to arbuscular 
colonization was not found. However, the shoot dry weight of all four species combined 
reflected the level of site disturbance originally used to choose these field sites, 
independent of mycorrhizal treatment. While certain plant species may in fact benefit 
from the presence of mycorrhizal fungi in the soil, the degree to which the plants are 
impacted by mycorrhizae is strongly dependent on the condition of the site and soil in 
which they are grown. Therefore, it appears to be more beneficial to select a mitigation 
site with minimally disturbed, hydric soils that will support the growth of native wetland 
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plants than it is to attempt the re-introduction of mycorrhizal fungi to disturbed areas 
through soil inoculation.  
v  
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Definitions 
Aerenchyma: modified parenchymatous tissue having large intracellular air spaces that is found especially 
in aquatic plants where it facilitates gaseous exchange and maintains buoyancy 
Arbuscule: a tree-like structure of mycorrhizal fungal hyphae formed within the cell wall of host plants 
which serves as the active site of nutrient exchange with the plasmalemma 
Endophyte: an organism (as a bacterium or fungus) living within a plant 
Symbiotic: a cooperative relationship (as between two persons or groups) 
Hyphae: one of the threads that make up the mycelium of a fungus, increase by apical growth, and are 
transversely septate or nonseptate 
Mycelium: the mass of interwoven filamentous hyphae that forms especially the vegetative portion of the 
thallus of a fungus and is often submerged in another body (as of soil or organic matter or the tissues of a 
host); also: a similar mass of filaments formed by some bacteria (as streptomyces) 
Myocorrhiza: the symbiotic association of the mycelium of a fungus with the roots of a seed plant 
Pasteurization: partial sterilization of a substance and especially a liquid (as milk) at a temperature and for 
a period of exposure that destroys objectionable organisms without major chemical alteration of the 
substance 
Wetland: an ecosystem that exists between terrestrial and aquatic ecosystems characterized by a duration 
of inundation or saturation sufficient to develop anaerobic conditions in the soil and plants specifically 
adapted to live in those conditions, i.e. marshes, bogs, swamps 
Fen: a peat-accumulating wetland that receives some drainage from surrounding mineral soil and usually 
supports marshlike vegetation 
Marsh: a frequently or continually inundated wetland characterized by emergent herbaceous vegetation 
adapted to saturated soil conditions 
Bog: a peat-accumulating wetland that has no significant inflows or outflows and supports acidophilic 
mosses, particularly Sphagnum 
Swamp: a wetland dominated by trees and shrubs 
 
    
I. INTRODUCTION 
Wetland Significance and Status 
Wetlands such as fens, marshes, bogs, and swamps are transitional areas found 
between terrestrial and aquatic ecosystems that provide a variety of physical, chemical, 
and biological functions, including flood relief, drought relief, water filtration, shoreline 
protection, groundwater aquifer recharge, aesthetics, storm abatement, and wildlife 
habitat (Mitsch and Gosselink, 2000). 
Prior to European settlement the conterminous United States contained 221 
million acres of wetlands; however, from 1780 to 1980 wetlands were lost to urban and 
rural development, agricultural practices, and silviculture operations at a rate of 60 acres 
per hour, resulting in the loss of 117 million acres of wetlands (Dahl, 1990). Currently, 
Section 404 of the Federal Water Pollution Control Act requires the replacement or 
mitigation of wetlands filled under current permitting regulations. However, wetland 
mitigation does not ensure successful replacement of diversity and biological function. 
Moreover, government regulation does not ensure wetland mitigation success as sites are 
monitored for a period of five years or less. 
It is generally accepted that wetland restoration is a science in infancy and that 
failure of restorations is common. Review of regulatory records revealed that as much as 
80% of wetland restoration attempts fail to meet their goals (Turner et al., 2001; Sibbing, 
2003). One reason for wetland restoration or mitigation failure could be the inability of 
wetland plants to establish themselves and survive at wetland mitigation sites where 
natural wetland conditions do not exist because of soil disturbance, use of agrochemicals, 
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soil removal, hydrologic modification, or competition from invasive species. The 
establishment of native wetland plants may be dependent on a symbiotic association with 
soil fungi, known as mycorrhizae. 
 What Are Mycorrhizae? 
 Mycorrhiza (myco = fungi, rhiza = root) is a relationship between soil fungi and 
plants (Brundrett, 2002). The most wide-spread and oldest form of mycorrhiza is 
arbuscular mycorrhizal fungi (AMF), which has been found in the fossil record since the 
Ordovician Period over 400 million years ago (Simon et al., 1993; Remy et al., 1994; 
Redecker et al., 2000). This long history has provided time for the co-evolution of plants 
and their endophytic symbiotic fungi, resulting in dependency, benefits, and instances of 
host-specificity (Brundrett, 2002). Although it has been estimated that AMF are 
associated with 70 to 95% of all plant species (Hardie and Leyton, 1981; Allen, 1991; 
Smith et al., 2003; Smith and Read, 2008) the number of plant species actually examined 
for the presence of the association is much lower (Brundrett, 2002). 
The foundation of the symbiosis is a bi-directional nutrient transfer that is 
beneficial and, in some cases, necessary for survival (Smith and Smith, 1990). AMF are 
obligately symbiotic and depend upon host plants to provide carbohydrates they require 
(van der Heijden and Sanders, 2002b). In exchange for carbohydrates, AMF in terrestrial 
systems offer their hosts a multitude of physiological benefits including increased 
nutrient uptake, improved water relations, defense from plant pathogens (Baltruschat and 
Schönbeck, 1972; Schönbeck and Schninzer, 1972; Daft, 1973; Baltruschat and 
Schönbeck, 1975; Schönbeck and Dehne, 1977), and broad ecological effects such as 
mediation of plant community dynamics. 
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Nutrient Uptake 
Nutrient acquisition by plants in soil is limited by diffusion. While many dicots 
have developed fibrous root systems, monocots, lacking fine roots, may depend on 
mycorrhizal fungi to replace the functions of fine root systems (Powell and Bagyaraj, 
1984). AMF improve nutrient uptake by extending mycelial networks beyond nutrient 
depletion zones of the rhizosphere (Sanders and Tinker, 1971), decreasing soil diffusion 
distances (Bauer et al., 2003), increasing the absorbent surface area (Allen et al., 1981a), 
and providing access to remote areas where roots are incapable of entering, such as the 
microscopic soil pores (Allen, 1991). AMF provide particular access to copper (La Rue et 
al., 1975; Lambert et al., 1979), zinc (Gilmore, 1971; La Rue et al., 1975; Cooper and 
Tinker, 1978; Timmer and Leyden, 1978; Lambert et al., 1979), sulfur (Cooper and 
Tinker, 1978), nitrogen (Martins and Cruz, 1998) but most notably, phosphorus 
(Murdoch et al., 1967; Cooper and Tinker, 1978; Cress et al., 1979; Lambert et al., 1979; 
Bolan, 1991; Koide, 1991; Pearson and Jakobsen, 1993; Miller, 2000; Smith et al., 2003). 
Phosphorus 
 Phosphorus (P) is of particular interest among soil nutrients as it is considered to 
be a primary limiting nutrient of plant growth (Brundrett, 1991) and development as P 
adsorbs tightly to soil particles and is limited by diffusion (Bolan, 1991). In soils of low 
P availability, depletion zones quickly develop around the root zone (Sanders and Tinker, 
1971). AMF increase P availability to colonized plants via hyphal networks that have a 
higher affinity for P and are more effective at binding P at low concentrations than plant 
roots (Cress et al., 1979) and may extend beyond nutrient depletion zones within the 
rhizosphere (Bolan, 1991; Koide, 1991; Brundrett, 2002). However, the exact mechanism 
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or combination of mechanisms by which these fungi increase nutrient uptake remains 
largely unexplained. 
Water Relations  
AMF improve water relations in colonized plants. Host plants have been found to 
have increased hydraulic conductivity (Hardie and Leyton, 1981), higher leaf water 
potentials (Hardie and Leyton, 1981; Nelson and Safir, 1982a), higher transpiration rates 
(Allen et al., 1981b; Hardie and Leyton, 1981; Allen, 1982), and lower stomatal 
resistances (Levy and Krikun, 1980; Allen et al., 1981b; Nelson and Safir, 1982b). AMF 
confers improved drought tolerance (Sieverding, 1981; Nelson and Safir, 1982a, 1982b) 
making mycorrhizal plants less susceptible to wilting and transplant shock than 
uninfected plants (Menge et al., 1978; Levy and Krikun, 1980; Hardie and Leyton, 1981; 
Sieverding, 1981; Cooper, 1983). The accumulation of proline, a sign of water deficit and 
salinity stress, was reduced in mycorrhizal plants under the same conditions and further 
supports the belief that mycorrhizal associations improve water relations and decrease 
plant stress (Levy and Krikun, 1980). 
Plant Community Dynamics 
 AMF influence plant community dynamics by means of carbon flux and nutrient 
transfer via their mycelial networks (Read, 1991; van der Heijden and Sanders, 2002). 
The mycelium of a single AMF may in fact be associated with several plants (Newman, 
1988) facilitating carbon and nutrient fluxes amongst them resulting in increased 
interplant competition, ecosystem productivity (van der Heijden and Sanders, 2002), and 
plant biodiversity (van der Heijden et al., 1998). Although the net C-flux is from plant to 
fungus, C also moves from one plant to another via common fungal mycelium (Francis 
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and Read, 1984; Grime et al., 1987; Bago et al., 2000). Through this mycelial network, 
AMF can significantly affect the diversity and species composition of plant communities 
(Francis and Read, 1994; Hartnett and Wilson, 1999). Laboratory research has shown that 
AMF increase inter- and intra-specific competition (Grime et al., 1987; Eissenstat and 
Newman, 1990; Moora and Zobel, 1998) and while field studies confirm that many plant 
families become heavily colonized by AMF in established communities (Read et al., 
1976), inherent complexity of communities complicates the interpretation of 
experimental results. Soil disturbance, such as tillage or soil removal, can effectively 
disrupt the network of AMF and interrupt the flow of nutrient resources resulting in 
decreased mycorrhizal colonization (Evans and Miller, 1988; Hartnett and Wilson, 1999; 
Eriksson, 2001), plant diversity (McGonigle et al., 1990a; Gange et al., 1993; McGonigle 
and Miller, 2000), plant dry weight (McGonigle et al., 1990a; McGonigle and Miller, 
2000), and P availability (McGonigle et al., 1990a; McGonigle and Miller, 2000). 
Despite the numerous studies carried out to determine the exact nature of the mycorrhizal 
symbiosis in natural systems, few researchers have attempted to study the role of AMF in 
wetlands. 
Mycorrhiza in Wetlands 
The exact role of mycorrhizal associations in wetland plants is not well 
established in the literature. Although it was once believed the fungi could not survive in 
the anaerobic environment of wetland soils, several studies have shown there to be 
considerable colonization even under these conditions (Sondergaard and Laegaard, 1977; 
Farmer, 1985; Newman and Reddell, 1987; Rickerl et al., 1994; Miller et al., 1999; 
Turner et al., 2000; Cornwell et al., 2001; Weishampel and Bedford, 2006). Mycorrhizae 
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may persist in oxygenated rhizospheres produced through aerenchyma tissue of 
monocotyledonous, hydrophytic plant species, such as sedges and rushes (Crawford, 
1989). Other species of AMF may survive anaerobic conditions by producing spores in 
the roots of wetland plants, as observed in certain species of Glomus (Wetzel and van der 
Valk, 1996). Therefore, mycorrhizae may play a crucial role in wetlands securing needed 
nutrients as they do in terrestrial systems (Brundrett, 1991; Solaiman and Hirata, 1995; 
Boeye et al., 1997; Cornwell et al., 2001; Purakayastha and Chhonkar, 2001; van 
Hoewyk et al., 2001; Smith and Read, 2008) despite the anaerobic conditions of wetland 
soils. However, despite their prevalence in wetlands, the true nature of their role in the 
community dynamics and nutrient cycling in these landscapes requires further study.  
Justification 
According to Mitsch and Gosselink (2000), wetland restoration refers to the 
rehabilitation of a disturbed or altered wetland to a previous existing condition via human 
activity. Disturbance or alteration of wetlands can range from the removal of native 
wetland vegetation and hydrologic modification to complete removal of topsoil. Because 
wetland restoration typically requires additional soil disturbance or soil removal to create 
wetland topography or restore wetland hydrology, previously established mycelial 
networks of mycorrhizal fungi could be disrupted or absent. This disturbance could result 
in decreased mycorrhizal colonization, plant diversity, competitiveness, and plant dry 
weight. The benefits of mycorrhizal inoculation on plant growth have been extensively 
tested and described in forestry and agricultural studies (Baltruschat and Schönbeck, 
1972; Schönbeck and Schinzer, 1972; Baltruschat and Schönbeck, 1975; La Rue et al., 
1975; Schönbeck and Dehne, 1977; Cooper and Tinker, 1978; Timmer and Leyden, 
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1978; Lambert et al., 1979; Brundrett et al., 1996); however, studies examining the 
impact of mycorrhizal inoculation on wetland plant growth have been limited to wetland 
rice (Solaiman and Hirata, 1995, 1996, 1997a, 1997b, 1998). In these studies, Solaiman 
and Hirata found that inoculation with AMF at the nursery stage significantly increased 
growth, yield, and concentration of N, P, Zn, and Cu after transplantation into the field 
(1997b). Similar results were achieved by directly seeding wetland rice in a greenhouse 
pot experiment (Solaiman and Hirata, 1997a).  
Several Midwestern nurseries and greenhouses specializing in the production of 
native plant materials for landscaping and ecological restoration projects systematically 
inoculate their native plant species with mycorrhizal fungi at the nursery stage (JFNew, 
Spence Restoration Nursery, Heartland Restoration Services, Inc.) and/or sell 
mycorrhizal inoculum along with their plant materials (Prairie Moon Nursery) and all 
advertise the benefit of mycorrhizal inoculation of native plants; however, no studies 
have been performed to determine the extent of mycorrhizal colonization or its effect on 
native plant materials following their sale or transplantation into project sites. Restoration 
ecologists need to determine whether or not it is cost effective to re-introduce 
mycorrhizal fungi at wetland restoration sites. It is also important to understand the 
relationship between the effectiveness of mycorrhizal inoculation and the level of site 
disturbance prior to restoration.  
Due to the successful inoculation of wetland rice at the nursery stage, the proven 
ability of mycorrhizal fungi to increase the growth, yield, and nutrient concentration of 
wetland rice following transportation into the field, and adoption of mycorrhizal 
inoculation into the ecological restoration and plant nursery industry I hypothesized the 
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inoculation of native wetland plant species with AMF at the nursery stage would improve 
plant growth and ultimately improve wetland restoration success. Therefore, this study 
uses soils and field sites chosen based upon the level of site disturbance and their ability 
to support and sustain wetland restoration efforts. These field sites will include natural, 
restored, and created wetlands. 
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II. GOALS AND OBJECTIVES 
The goal of this study was to examine the need for mycorrhizal inoculation of 
native wetland plant species prior to their transplantation into natural, restored, and 
created wetland field sites to better understand the implication of mycorrhizal inoculation 
on wetland mitigation success. Greenhouse reared plants may not possess the natural 
mycorrhizal symbionts for survival in their transplanted settings. Furthermore, wetland 
mitigation sites that have been modified through the removal of topsoil may not possess 
the infective propagules required to re-establish an active mycorrhizal association that 
may play an integral role in plant growth and survival. My general hypothesis was that 
non-mycorrhizal plants in a natural wetland setting would rapidly acquire mycorrhizae 
from existing plants and would perform as well as mycorrhizal plants, non-mycorrhizal 
plants placed in a restored setting where moderate disturbance to soil, hydrology, or 
hydrophytic plant community would not rapidly acquire mycorrhizae from existing plants 
and not perform as well as mycorrhizal plants, and non-mycorrhizal plants placed in a 
creation site where severe disturbance resulting from the complete removal of topsoil 
would not acquire mycorrhizae due to a lack of propagules in the soil and would be 
outperformed by their mycorrhizal counterparts. 
Greenhouse Experiment I 
The objective of this experiment was to compare the germination and growth of 
native wetland plant species in field soils collected from natural, restored, and created 
wetlands and assess the effects of adding a natural “inoculum” consisting of soil from 
Siebenthaler Fen to those soils. My hypotheses were as follows: 
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A. Average height of plants will be highest in soils from natural wetlands, moderate 
in soils from restored wetlands, and lowest in soils from created wetlands. 
B. Average dry weight of plants will be highest in soils from natural wetlands, 
moderate in soil from restored wetlands, and lowest in soils from created 
wetlands.  
C. Arbuscular colonization of plant roots will be highest in soils from natural 
wetlands, moderate in soils from restored wetlands, and lowest in soils from 
created wetlands. 
D. Seed germination will be highest in soils from natural wetlands, moderate in soils 
from restored wetlands, and lowest in soils from created wetlands. 
E. Inoculation of field soils from natural, restored, and created wetlands with soil 
from Siebenthaler Fen will increase the average height, average dry weight, 
percent mycorrhizal colonization, and germination of natural wetland plant 
species. 
Greenhouse Experiment II 
The objective of the second experiment was to compare the growth of native 
wetland plant species in field soils collected from natural, restored, and created wetlands 
and soil treated to remove mycorrhizal propagules and assess the effects of adding a soil 
inoculum containing mycorrhizal fungi produced from the roots and soil of host plants 
treated with MycoGrow Soluble. My hypotheses were as follows: 
A. Average height of plants will be highest in soils from natural wetlands, moderate 
in soils from restored wetlands, and lowest in soils from created wetlands. 
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B. Average dry weight of plants will be highest in soils from natural wetlands, 
moderate in soil from restored wetlands, and lowest in soils from created 
wetlands. 
C. Percent mycorrhizal colonization of plant roots will be highest in soils from 
natural wetlands, moderate in soils from restored wetlands, and lowest in soils 
from created wetlands. 
D. The average height, dry weight, and percent mycorrhizal colonization of native 
wetland plants will be increased when inoculated with produced inoculum. 
Field Experiment 
The objective of the third and final experiment was to assess the effects of adding 
a soil inoculum containing mycorrhizal fungi, MycoGrow Soluble TM, to native wetland 
plant species under greenhouse conditions and compare the growth of those species 
following transplantation into natural, restored, and created wetland field sites to 
determine if the effects of mycorrhizal fungi on plant growth were significant under field 
conditions. My hypotheses were as follows: 
A. Average height of plants will be highest in natural wetland field sites, moderate in 
restored wetland field sites, and lowest in created wetland field sites. 
B. Average dry weight of plants will be highest in soils from natural wetland field 
sites, moderate in restored wetland field sites, and lowest in created wetland field 
sites. 
C. Percent mycorrhizal colonization of plant roots will be highest in soils from 
natural wetland field sites, moderate in restored wetland field sites, and lowest in 
created wetland field sites. 
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D. The average height, dry weight, and percent mycorrhizal colonization of native 
wetland plants will be increased when inoculated with commercial inoculum. 
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III. MATERIALS AND METHODS 
General Methodologies 
Field Sites and Soils 
Siebenthaler Fen (SF) was a natural, groundwater fed wetland with highly organic 
peat/muck soils and diverse plant community abutting Beaver Creek in Beavercreek 
Township, Greene County, Ohio (Bellbrook Quad; T3-R7-S16, 21, 22). Soils at SF were 
listed as Sloan silty clay loam (So), a very poorly drained Fluvaquentic Endoaquolls 
formed from calcareous drift on flood plains and depressional areas along streams 
(Garner and Ritchie, 1978). However, the soils onsite conform more closely to Linwood 
muck (Ln, J. Amon, personal communication), a very poorly drained Terric medisaprists 
consisting of organic soil overlaying mineral soil typically found in glacial outwash 
valleys saturated by springs or seeps. SF was also a site of a previous mycorrhizal study 
(Bohrer et al., 2004). 
Fairborn Marsh (FM) was a natural, freshwater marsh with highly organic peat 
soils and patchy but diverse plant community abutting Beaver Creek in Beavercreek 
Township, Greene County, Ohio (Fairborn Quad; T3-R7-S18, 23). Soils at FM were 
listed as Sloan silty clay loam (So) according to Garner and Ritchie (1978) but the 
research site was somewhat more peaty (organic) at the location tested. It was likely a 
mix of Sloan and Linwood soils (J. Amon, personal communication). 
Woodman Fen (WF) was a moderately disturbed, groundwater fed wetland with 
highly organic peat soils located in Washington Township, Montgomery County, Ohio 
(Dayton South Quad; T2-R7-S20). Soils at WF were listed as Carlisle muck (Ca), a very 
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poorly drained Typic Haplosaprists formed in woody and herbaceous material on lake 
plains, outwash plains, ground moraines, flood plains, and moraines (Garner and Ritchie, 
1978). However, WF was hydrologically disturbed by an extensive network of trenches 
and ditches dug by a previous landowner thus exposing the organic soils to oxidation and 
decomposition by draining the wetland over the last twenty years (J. Amon, personal 
communication).The plant community was also disturbed due to the altered hydrology 
and consisted mainly of Frangula alnus Mill. and Impatiens capensis Meerb. 
Cemex Reserve (CR) was a highly disturbed, riparian wetland abutting Beaver 
Creek formerly with a sparse plant community with large areas of bare soil located in 
Bath Township, Greene County, Ohio (Fairborn Quad; T3-R8-S19 & 20). Soils at CR are 
listed as Sloan silty clay loam (So) according to Garner and Ritchie (1978); however, the 
site was previously mined for topsoil, which removed 3 to 5 feet of soil and disturbed 
both soil and plant communities. Soils on site consisted of the subsoil (C-horizon) 
remaining after topsoil excavation. CR floods frequently and remains inundated for much 
of the growing season. Although soils and plant community were previously disturbed, 
fluvial deposits from the adjacent Beaver Creek may provide topsoil, nutrients, and 
mycorrhizal propagules from upstream locations. Cemex Reserve belongs to Greene 
County Parks and Trails and has been previously called Southdown Reserve. 
Hagenbuch Reserve (HR) is a highly disturbed, excavated, freshwater wetland 
with a sparse plant community and large areas of bare soil adjacent to Little Beaver 
Creek in Beavercreek Township, Greene County, Ohio (Bellbrook Quad; T2-R7-S25, 31, 
32). Soils at HR are classified as Russell-Miamian silt loam (RvB), well-drained Typic 
Hapludalfs and Oxyaquic Hapludalfs formed of deep, dense till and loess on till plains 
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and moraines (Garner and Ritchie, 1978); however, HR was a borrow site excavated to 
obtain soil for the construction of the adjacent U.S. 35; therefore, the O, A, and B soil 
layers have been removed leaving only subsoil (C-horizon) which consist mainly of 
undeveloped glacial till (J. Amon, personal communication). 
Pasteurized soil (PS) was obtained from a stockpile of hydric soil excavated and 
disposed from a successful fen creation site (Amon et al., 2005) located within the 
Beavercreek Wetland Wildlife Area in Beavercreek Township, Greene County, Ohio 
(Fairborn Quad; T3-R7-S17 &23). Soils at this site are classified as Westland silty clay 
loam (Ws), a poorly-drained to very poorly-drained mesic Typic Argiaquolls (Garner and 
Ritchie, 1978) typically formed of loamy outwash over sandy and gravelly outwash on 
depressions on outwash plains and stream terraces. Numerous fens in the region are 
found on Westland silty clay loam. To compare the effects of naturally occurring 
mycorrhizae in soils from other field sites. PS was passed through a 2mm sieve and 
pasteurized prior to use to create a more uniform growing medium. No other field soils 
underwent pasteurization and may have had some mycorrhizae present. All three 
experiments utilized unpasteurized soil to achieve a realistic assessment of the value of 
soil inoculation of native wetland plants utilized in wetland restoration. 
These sites were identified as natural, restored, or created wetlands based upon 
the level of disturbance and the likelihood that their land use histories would cause a 
depletion of the AMF propagules available and needed by native wetland plants (Ingham 
and Wilson, 1999). Siebenthaler Fen (SF) was identified as a natural wetland site because 
it was a high quality wetland with soils higher in organic matter content than any other 
field site used in this study and was anticipated to contain active AMF propagules. 
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Fairborn Marsh (FM) was identified as a natural wetland site because it was a high 
quality wetland with soils high in organic matter content and was anticipated to contain 
active AMF propagules. Woodman Fen (WF) was identified as a restored wetland 
because despite its history of site disturbance it still possessed highly organic soils and it 
was still anticipated to contain active AMF propagules. Cemex Reserve (CR) and 
Hagenbuch Reserve (HR) were identified as wetland creation sites because of their 
history of severe site disturbance. Due to topsoil removal at both Cemex Reserve (CR) 
and Hagenbuch Reserve (HR), it was anticipated that AMF propagules would not be 
present. 
Cold Stratification 
To break dormancy and ensure faster and more reliable germination, seeds were 
obtained from local wetland plants in August and September of 2000 and cold stratified 
in sterile, moistened sand. Seeds were distributed in the sand to obtain approximately 
5seeds/cc and well mixed in sand, moistened with sterile, distilled water, sealed in plastic 
sandwich bags and held two weeks at 4°C before planting. 
Soil Pasteurization for the Preparation of AMF Free Soil 
Soil was pasteurized by heating at 65C for 45 minutes in a Fisher IsoTemp 
incubator to kill mycorrhizal fungi without stripping the soil of its moisture, natural 
physical and chemical characteristics, and some bacteria. Pasteurization effectiveness 
was confirmed by clearing, staining, and assessing root segments of grass, sweet corn, 
and blue lake bush beans grown in pasteurized soils for mycorrhizal colonization. No 
mycorrhizal colonization was observed three weeks after inoculation. 
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Clearing and Staining Plant Roots 
Plant root systems were washed under running water. Fine, fibrous roots lacking 
dark pigmentation were selected from each plant and cut into segments approximately 
1cm long. Root segments were placed into Fisher brand Histosette II tissue cassettes, 
immersed in 10% KOH (w/v), and autoclaved at 121C for 1-2 minutes. Cooled root 
segments were rinsed three times with distilled water and immersed in 1% HCl for 15 
minutes at room temperature to acidify root segments and prepare them for staining. Root 
segments were then rinsed three times with distilled water, immersed in 0.05% trypan 
blue stain, and autoclaved at 121C for 15 minutes to drive the stain into the roots 
(Brundrett et al., 1984). Tissue cassettes were rinsed three times with distilled water and 
immersed in 25% lactic acid and autoclaved at 121C for 5 minutes to de-stain the root 
segments. Root segments were then rinsed three times with distilled water and stored in 
50% EtOH. 
Microscope Slide Preparation and Storage 
 Cleared and stained roots were mounted on glass slides for light microscopy, 
storage, and preservation according to procedures modified from McGonigle et al. 
(1990b). Approximately 15 to 20 stained root segments were mounted along the short 
axis of the slide. Ethanol was allowed to evaporate from the root segments before a glass 
coverslip (24mm X 50mm) was affixed using molten glycerine jelly (Appendix). 
Application of the coverslip not only removed excess glycerine jelly, but also pressed the 
root segments flat for better observation via light microscopy. Covered slides were 
permitted to cool overnight and washed with 50% ethanol prior to storage in labeled slide 
boxes. 
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Estimate of Arbuscular Colonization 
 Estimate of arbuscular colonization of plant roots was assessed with a compound 
microscope at 100X total magnification and confirmed at 200X total magnification using 
the magnified intersection method as described by (McGonigle et al., 1990b). As 
depicted in Figure 1, the eye-piece cross-hair was rotated perpendicular to the root 
segment. Presence of hyphae, vesicles, arbuscules, and spores at the intersection of the 
eye-piece cross-hair and root segment were recorded with a differential blood cell 
counter. Field of view was then moved along the root segment to the previous 
intersection, and observations repeated until all root segments on the slide had been 
systematically examined. The number of intersections assessed on each slide varied, but 
typically ranged between 150-250 intersections per slide. Arbuscular colonization was 
calculated by dividing the number arbuscules by the total number of intersections 
observed per slide (McGonigle et al., 1990b). 
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Figure 1 Estimation of mycorrhizal colonization of plant roots using the magnified intersect method 
This figure was taken from Figure 4.4b of (Brundrett et al., 1996). 
 
Statistical Analyses 
Raw data from each experiment was analyzed by the Statistical Consulting Center 
(SCC). Transformations were applied to manipulate the data to satisfy model assumptions 
of the statistical analyses performed. Methods of data transformation are displayed in 
Table 1. 
Table 1 Data Transformation Performed Prior to Statistical Analysis of Experimental Data 
 
Experiment GH I GH II Field 
Outcomes Transformation Transformation Transformation 
Shoot Height Log10(x) Log10(x) None (Raw) 
Shoot Fresh Weight Log10(x) N/A N/A 
Shoot Dry Weight Log10(x) Log10(x) Log10 ( Log10 (x+1)) 
Arbuscular Colonization None (Raw) Log10(x) None (Raw) 
Number of plants (x) N/A N/A 
Number of Leaves N/A N/A Log10(x) 
Number of Shoots N/A N/A Log10(x) 
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Although the most appropriate method of analysis would have been a multi-
variate analysis of variance (MANOVA); however, due to missing data (missing and 
human error), a three-way full-factorial ANOVA was ran separately for each outcome. A 
Bonferroni correction was utilized to maintain an overall level of significance α = 0.05. 
Post hoc analysis included both Tukey-Kramer and Bonferroni correction. Effects due to 
plant species were not interpreted due to the inherent differences between developmental 
strategies of each plant species. All data was analyzed using SAS 9.2 software (SAS 
Institute, Cary, NC). 
Greenhouse Experiment I 
The objective of the first greenhouse experiment was to assess the potential effect 
of the addition of natural mycorrhizal inoculum consisting of soil from a high quality 
natural wetland, Siebenthaler Fen (SF), to soils from restored and created wetlands 
hypothesized to lack AMF propagules due to disturbance (see Field Sites and Soils). 
Therefore, native wetland plants were grown in soils collected from Cemex Reserve 
(CR), Hagenbuch Reserve (HR), SF, and Woodman Fen (WF) amended either with raw 
(inoculated) or pasteurized (non-inoculated) SF soil. Plant species used in Greenhouse 
Experiment I were: Carex vulpinoidea Michx. (1), Dasiphora fruticosa (L.) Rydb. (10), 
Eupatoriadelphus maculatus (L.) King & H. Rob. (9), Eupatorium perfoliatum L. (5), 
Mimulus ringens L. (2), Penthorum sedoides L. (8), Pycnanthemum virginianum (L.) T. 
Dur. & B.D. Jacks. ex B.L. Rob. & Fernald (3), Scirpus atrovirens Willd. (4), Typha 
latifolia L. (7), and Verbena hastata L. (6). 
Soil from CR, HR, SF, and WF were each used to fill sixty potting cells (2”L x 
2.25”W x 3.25”D) half of which were inoculated with 5g of raw SF soil (inoculated) and 
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mixed. Remaining cells were amended with 5g pasteurized SF soil (non-inoculated) and 
mixed to serve as controls. Potting cells for each treatment group were split into three, 
12-cell clusters and placed into heavy plastic trays. As depicted in Figure 2, each 12-cell 
cluster was planted with ten native wetland plant species (leaving one unplanted cell to 
monitor the native seed bank) and one cell to monitor water level in each tray.  
 
1 B W 1 B W 1 B W 1 B W 
2 5 8 2 5 8 2 5 8 2 5 8 
3 6 9 3 6 9 3 6 9 3 6 9 
4 7 10 4 7 10 4 7 10 4 7 10 
Inoculated Inoculated Inoculated Inoculated 
1 B W 1 B W 1 B W 1 B W 
2 5 8 2 5 8 2 5 8 2 5 8 
3 6 9 3 6 9 3 6 9 3 6 9 













Figure 2 Planting Scheme for Greenhouse Experiment I 
Legend: 1-10 = different plant species; B = seed bank; W = water level indicator; WF = Woodman Fen;  
CR = Cemex Reserve; HR = Hagenbuch Reserve; SF = Siebenthaler Fen 
 
Approximately 5-10cc (25-50 seeds) of cold stratified seed was spread over the 
soil surface within each cell according to the planting scheme, except for C. vulpinoidea 
and D. fruticosa whose seeds were not stratified; thirty seeds were planted just beneath a 
thin layer of sterile sand to replicate the growing conditions of stratified seed. An attempt 
was made to have equal numbers of seedlings in each cell but was prevented by 
variations in percent germination. In most cases approximately 10 to 30 seedlings were 
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observed in each cell of the plant tray. A notable exception was M. ringens with about 60 
to 120 seedlings per cell. No thinning of plants occurred during the experiment. Water 
level was maintained 5-10 mm from the soil surface throughout the experiment. Trays 
were systematically rotated on greenhouse benches each day to provide equal exposure to 
sunlight.  
In total, 240 plants were divided evenly among ten plant species, two inoculation 
treatments, and four soil treatments, resulting in a total of three replicate plants per 
individual treatment. Effects of the inoculum on each plant species were measured by 
recording plant shoot height, shoot fresh weight, shoot dry weight, mycorrhizal 
colonization, and total number of germinated seedlings after 15 weeks of growth. Note 
that measurements were made on groups of plants growing in each cell. Plant height was 
determined by visually estimating the mode height of all plants within each cell. Fresh 
weight of plant shoots was recorded for each cell by clipping all plants at the soil surface 
and weighing the plant matter on a balance. Fresh plant shoots for each species were 
dried to constant weight at 100C. Shoot dry weight was then divided by shoot fresh 
weight to determine the percent dry weight of each species. Dry weight of plant shoots 
within each cell was then calculated by multiplying the fresh weight of each cell by the 
percent dry weight for that species. This approach was used because the weight of the 
plants in each cell was not heavy enough to weigh on the laboratory scale when dried 
individually. Percent mycorrhizal colonization of plant roots was obtained as previously 
described in General Methodologies. 
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Greenhouse Experiment II 
The objective of the second greenhouse experiment was to assess the potential 
benefit of commercially available mycorrhizal inoculum on the growth of wetland plants 
in soils obtained from natural, restored, and created wetlands. Therefore, native wetland 
plants were grown in a mixture of soil/sand/roots of host plants previously treated with 
either MycoGrow Soluble (inoculated) or distilled water (non-inoculated) prior to their 
transplantation into field soils collected from Cemex Reserve (CR), Hagenbuch Reserve 
(HR), Pasteurized soil (PS), Siebenthaler Fen (SF), and Woodman Fen (WF). Plant 
species used included: M. ringens, P. sedoides, P. virginianum, and T. latifolia.  
Sweet corn, annual rye grass, and blue lake bush beans were used as host plants to 
develop a mycorrhizal inoculum of hyphae, colonized roots, and spores in a 50/50 
mixture of sand and PS. Host plants were inoculated with 10mL MycoGrowTM Soluble 
(0.104g/L dH2O). Control plants were treated with 10mL dH2O. Produced inoculum was 
collected one month later, when the plants began to show signs of nutritional deficiency 
as apparent by yellowing of the leaves, chopped, and homogenized.  
M. ringens, P. sedoides, P. virginianum, and T. latifolia seedlings were 
germinated in PS and transplanted into (5.5”L x 1.0”W x 1.0”D) cells containing 
produced inoculum 8 weeks later. Inoculated and non-inoculated plants were then 
transplanted into (5.5”L x 1.0”W x 1.0”D) cells containing soils from CR, HR, PS, SF, 
and WF at 16 weeks and harvested 8 weeks later. 
In total, 600 plants were divided evenly among four plant species, two inoculation 
treatments, and five soil treatments, resulting in a total of fifteen plants per individual 
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treatment. Data collected included plant height, shoot dry weight, and mycorrhizal 
colonization of plant roots.  
Field Experiment 
The objective of this project was to determine the effect of soil inoculation of four 
native wetland plant species prior to transplantation into natural, restored, and created 
wetland field sites. Therefore, M. ringens, P. virginianum, C. stipata, and C. vulpinoidea 
were inoculated with MycoGrow Soluble in the greenhouse prior to their 
transplantation into Cemex Reserve (CR), Fairborn Marsh (FM), Habenbuch Reserve 
(HR), Siebenthaler Fen (SF), and Woodman Fen (WF) field sites (Note that FM was not 
used in the prior two experiments but is utilized here as a second example of an 
undisturbed field site). Every effort was made to ensure that growing conditions, media, 
and procedures used in the experiment could reasonably be obtained and utilized in large 
scale plant production settings. 
Stratified wetland plant seeds were germinated in sterile petri dishes, moistened 
with sterile, distilled water, and sealed with parafilm. Sealed petri dishes were placed into 
a Percival Intellus environmental controller using a diurnal program (14 hr day at 23.5C 
and 50% humidity / 8 hr night at 22.7C and 50% humidity). Petri dishes were moistened 
and re-sealed daily. Seedlings were transplanted into Ray-Leach Cone-tainers (164cc) 
containing Premier Horticulture Pro-Mix BX at 2 weeks. Treatment seedlings requiring 
soil inoculation were dipped directly into MycoGrowTM Soluble prior to transplantation 
(inoculated) while control plants were not. Filled cone-tainers were placed into a plastic 
tray filled with enough distilled water to keep the soils evenly moist and watered daily. 
All plants were given 1mL of ¼ strength Peter’s Professional All Purpose Plant Food 
24  
    
(20-20-20) at 6 weeks (presumably after establishment of mycorrhizae) to prevent 
nutritional deficiency. Plants were randomly transplanted into 20’ x 50’ field plots at CR, 
FM, HR, SF, and WF field sites at week 8. Harvests were performed at weeks 12, 16, and 
20. 
In total, 800 plants were utilized in the field experiment: 160 plants per field site 
(CR, FM, HR, SF, and WF), 40 per plant species, and 20 per treatment (inoculated and 
non-inoculated). Five plants per treatment, totaling 200 plants, were randomly sampled 
during transplantation and repeated monthly, for a total of 3 samplings or 600 plants. The 
remaining plants (five per treatment) were utilized as replacements for plants missing or 
damaged at the time of harvest. Every effort was made to recover as many plants as 
possible; however, due to herbivory and other environmental factors, some endpoints had 
zero plants collected. 
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IV. RESULTS 
Greenhouse Experiment I 
There were three factors of interest in this initial study. Those factors were soil (4 
levels-Hagenbugh Reserve (HR), Cemex Reserve (CR), Siebenthaler Fen (SF), and 
Wooman Fen (WF)), species (10 levels-C. vulpinoidea, D. fruticosa, E. maculatum, E. 
perfoliatum, M. ringens, P. sedoides, P. virginianum, S. atrovirens, T. latifolia, and V. 
hastata), and treatment (2 levels – inoculated and non-inoculated). Outcomes for this 
experiment were shoot height, shoot fresh weight, shoot dry weight, arbuscular 
colonization (ACOL), and number of seedlings. Effects due to species were not 
interpreted, because this was an expected effect. A total of 240 observations were 
collected out of a proposed 240 (3 samples from every soil, species, and treatment 
combination). Method of analysis was a three-way full-factorial ANOVA ran separately 
for each outcome. A level of significance of α = 0.05 was used for all tests. 
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Table 2 ANOVA on the effects of soil source, plant species, and mycorrhizal treatment and their 
interaction with shoot height, shoot dry weight, shoot fresh weight, arbuscular colonization, and 
germination 
Factor df Type III SS Mean Square F P 
 
SHOOT HEIGHT 
Soil 3 17.77594217 5.92531406 41.83 <.0001 
Species 9 88.44259881 9.82695542 69.37 <.0001 
Treatment 1 0.34583915 0.34583915 2.44 0.1201 
Soil*Species 26 12.96873749 0.49879760 3.52 <.0001 
Soil*Treatment      
Species*Treatment 9 3.25445285 0.36160587 2.55 0.0091 
Soil*Species*Treatment      
 
SHOOT FRESH WEIGHT 
Soil 3 14.85384385 4.95128128 36.49 <.0001 
Species 9 15.34147870 1.70460874 12.56 <.0001 
Treatment 1 0.48228290 0.48228290 3.55 0.0613 
Soil*Species 26 17.18067872 0.66079534 4.87 <.0001 
Soil*Treatment 3 0.87543240 0.29181080 2.15 0.0963 
Species*Treatment 9 0.98989963 0.10998885 0.81 0.6071 
Soil*Species*Treatment      
      
SHOOT DRY WEIGHT 
Soil 3 4.27610935 1.42536978 39.20 <.0001 
Species 9 6.37359095 0.70817677 19.47 <.0001 
Treatment 1 0.17830181 0.17830181 4.90 0.0282 
Soil*Species 26 5.02813656 0.19338987 5.32 <.0001 
Soil*Treatment      
Species*Treatment      
Soil*Species*Treatment      
 
ARBUSCULAR COLONIZATION 
Soil 3 635.94663 211.98221 0.69 0.5607 
Species 9 27900.46920 3100.05213 10.07 <.0001 
Treatment 1 960.25963 960.25963 3.12 0.0800 
Soil*Species 24 8374.55707 348.93988 1.13 0.3199 
Soil*Treatment 3 1567.76104 522.58701 1.70 0.1714 
Species*Treatment 9 5615.89402 623.98822 2.03 0.0424 
Soil*Species*Treatment      
      
NUMBER OF SEEDS GERMINATED 
Soil 3 17.838450 5.946150 7.40 0.0001 
Species 9 1394.921817 154.991313 192.81 <.0001 
Treatment 1 1.115469 1.115469 1.39 0.2403 
Soil*Species 27 45.843876 1.697921 2.11 0.0020 
Soil*Treatment 3 8.311558 2.770519 3.45 0.0178 
Species*Treatment 9 5.529639 0.614404 0.76 0.6495 
Soil*Species*Treatment      
Note: Analyses are based on Type III sums of squares; therefore each term is corrected for all other terms 
in the model. Statistically significant (p-value = 0.05) interactions are indicated by bold type.  
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Plant Shoot Height 
Analysis of plant shoot height revealed a significant main effects for soil (p-value 
<.0001) and species (p-value <.0001) as well as significant interactive effects for 
soil*species (p-value <.0001) and species*treatment (p-value = 0.0091) interactions. 
Posthoc tests showed that, across all sites, the mean shoot height of T. latifolia and V. 
hastata were significantly reduced by soil inoculation while the mean shoot height of C. 
vulpinoidea was significantly increased (Table 3). 
Tukey-Kramer test for multiple comparisons was used to compare mean heights 
across the four field soils by species. The mean height of S. atrovirens germinated in SF 
soil was significantly greater than those germinated in CR soil. The mean height of V. 
hastata germinated in WF soil was significantly greater than those germinated in HR and 
CR soils. The mean height of V. hastata germinated in SF soil was also significantly 
greater than those germinated in CR soil. The mean height of T. latifolia germinated in 
WF was significantly greater than those germinated in HR and CR soils. The mean height 
of E. perfoliatum germinated in SF and WF soil were significantly greater than those 
germinated in HR and CR soils. The mean height of M. ringens germinated in SF and WF 
were significantly greater than those germinated in HR and CR soils. The mean height of 
P. sedoides germinated in SF and WF soils were significantly greater than those 
germinated in HR soil. The mean height of C. vulpinoidea germinated in HR, SF, and 
WF soils were significantly greater than those germinated in CR soils.  
Overall, shoot height of six of the ten plant species observed was positively 
influenced by soils of SF and WF when compared to the more disturbed subsoils of CR 
and HR, regardless of mycorrhizal treatment. Soil inoculation positively influenced shoot 
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height of T. latifolia and V. hastata but also negatively influenced the shoot height of C. 
vulpinoidea regardless of field soil interaction.  
Table 3 The effect of mycorrhizal treatment on the mean shoot height of plants in Greenhouse 
Experiment I 












































































54.72 18.50 15.25 21.33 8.54 19.30 27.36 26.91 83.11 15.11 
Inoculated 91.50 14.50 13.55 21.75 7.81 19.11 26.33 37.83 62.77 9.30 
Note: Mean heights include all four levels of soil combined. Significant comparisons (p < 0.05) are 
indicated by bold type face. This table contains unadjusted means. 
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Table 4 The effect of soil source on the mean shoot height of plants in Greenhouse Experiment I  
Species Field Soil N Mean Shoot Height (mm) Std Dev 
Hagenbuch Reserve (HR) 6 90.833 32.314 
Cemex Reserve (CR) 5 31.400 7.733 
Siebenthaler Fen (SF) 5 91.000 43.070 
C. vulpinoidea 
Woodman Fen (WF) 5 72.000 15.248 
Hagenbuch Reserve (HR) 6 15.667 3.830 
Cemex Reserve (CR) 6 16.333 3.502 
Siebenthaler Fen (SF) 6 25.000 4.980 
E. perfoliatum 
Woodman Fen (WF) 6 29.167 2.041 
Hagenbuch Reserve (HR) 6 3.167 1.169 
Cemex Reserve (CR) 4 3.500 2.517 
Siebenthaler Fen (SF) 6 13.000 2.280 
M. ringens 
Woodman Fen (WF) 6 11.500 1.975 
Hagenbuch Reserve (HR) 6 11.500 3.017 
Cemex Reserve (CR) 1 17.000 N/A 
Siebenthaler Fen (SF) 6 20.667 2.658 
P. sedoides 
Woodman Fen (WF) 6 25.833 4.916 
Hagenbuch Reserve (HR) 6 18.667 3.204 
Cemex Reserve (CR) 6 34.167 46.162 
Siebenthaler Fen (SF) 6 42.000 6.325 
S. atrovirens 
Woodman Fen (WF) 6 34.667 5.538 
Hagenbuch Reserve (HR) 2 30.000 14.142 
Cemex Reserve (CR) 5 36.600 11.718 
Siebenthaler Fen (SF) 5 73.000 28.417 
T. latifolia 
Woodman Fen (WF) 6 117.500 46.016 
Hagenbuch Reserve (HR) 6 7.500 2.881 
Cemex Reserve (CR) 1 2.000 N/A 
Siebenthaler Fen (SF) 6 14.500 5.958 
V. hastata 
Woodman Fen (WF) 6 15.833 4.916 
Note: Although the analysis was based on least square means, this table contains unadjusted means for 
inoculated and non-inoculated plants combined. Mean shoot height of M. ringens, P. sedoides, E. 
perfoliatum, T. latifolia, and V. hastata were significantly (p < 0.05) affected by field soil. Due to complex 
nature of the interactions, exact correlations are described in the text. 
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Plant Shoot Fresh Weight 
Analysis of shoot fresh weight revealed a significant main effect for soil (p-value 
<.0001) as well as significant interactive effects for soil*species (p-value <0.0001) 
interaction. Across all combinations of soil and species, the mean fresh weight for the 
non-inoculated plants is significantly greater than the mean fresh weight for the 
inoculated plants (Table 5). 
Posthoc tests were run comparing fresh weight means among the ten sites by 
species. Significant comparisons had p < 0.05, and only those comparisons that were 
significant are listed below. The mean fresh weight of S. atrovirens and P. sedoides 
germinated in WF and SF soils were significantly greater than those germinated in HR 
and CR soils. The mean fresh weight of D. fruticosa germinated in HR soil was 
significantly larger than those germinated in WF soil. The mean fresh weight of T. 
latifolia germinated in WF soil was significantly greater than those germinated in HR, 
CR, and SF soils. The mean fresh weight of E. perfoliatum germinated in WF soil was 
significantly greater than those germinated in HR, CR, and SF soils. The mean fresh 
weight of E. perfoliatum germinated in SF and HR soils were significantly greater than 
those germinated in CR soils. The mean fresh weight of M. ringens germinated in SF soil 
was significantly greater than those germinated in HR and CR soils. The mean fresh 
weight of M. ringens germinated in WF soil was significantly greater than those 
germinated in CR soil. The mean fresh weight of C. vulpinoidea germinated in WF soil 
was significantly greater than those germinated in HR and CR soils (Table 6). 
Once again, fresh weight of six of ten plant species was positively influenced by 
the organic soils of SF and WF; however, the fresh weight of D. fruticosa actually 
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decreased in WF soil. Fresh weight was significantly decreased by soil inoculation 
regardless species and soil type. 
Table 5 The effect of mycorrhizal treatment on the mean shoot fresh weight of all plants in 
Greenhouse Experiment I  
Mycorrhizal Treatment N Mean Fresh Weight (g) Std Dev 
Non-inoculated 103 0.743 0.715 
Inoculated 98 0.653 0.664 
Note: This table contains unadjusted mean fresh weights for all four levels of soil and all ten levels of 




    
Table 6 The effect of soil source on the mean shoot fresh weight of plants in Greenhouse Experiment 
I 
Species Field Soil N Mean Fresh Weight (g) Std Dev 
Hagenbuch Reserve (HR) 6 0.238 0.067 
Cemex Reserve (CR) 5 0.164 0.106 
Siebenthaler Fen (SF) 5 0.378 0.123 
C. vulpinoidea 
Woodman Fen (WF) 5 0.694 0.398 
Hagenbuch Reserve (HR) 6 0.585 0.281 
Cemex Reserve (CR) 5 0.358 0.234 
Siebenthaler Fen (SF) 4 0.243 0.238 
D. fruticosa 
Woodman Fen (WF) 5 0.146 0.084 
Hagenbuch Reserve (HR) 6 1.045 0.336 
Cemex Reserve (CR) 6 0.440 0.311 
Siebenthaler Fen (SF) 6 1.097 0.282 
E. perfoliatum 
Woodman Fen (WF) 6 2.015 0.290 
Hagenbuch Reserve (HR) 6 0.588 0.431 
Cemex Reserve (CR) 3 0.117 0.042 
Siebenthaler Fen (SF) 6 2.163 0.670 
M. ringens 
Woodman Fen (WF) 6 1.502 1.087 
Hagenbuch Reserve (HR) 6 0.327 0.190 
Cemex Reserve (CR) 2 0.065 0.092 
Siebenthaler Fen (SF) 6 0.747 0.259 
P. sedoides 
Woodman Fen (WF) 6 0.737 0.276 
Hagenbuch Reserve (HR) 6 0.517 0.167 
Cemex Reserve (CR) 1 0.120 N/A 
Siebenthaler Fen (SF) 6 1.715 0.848 
S. atrovirens 
Woodman Fen (WF) 6 2.263 0.727 
Hagenbuch Reserve (HR) 2 0.360 0.266 
Cemex Reserve (CR) 5 0.148 0.141 
Siebenthaler Fen (SF) 5 0.366 0.138 
T. latifolia 
Woodman Fen (WF) 6 1.170 0.322 
Note: This table contains unadjusted means for inoculated and non-inoculated plants combined. Mean 
shoot fresh weight of S. atrovirens, D. fruticosa, M. ringens, P. sedoides, E. perfoliatum, T. latifolia, and C. 
vulpinoidea were significantly (p < 0.05) affected by field soil. Due to complex nature of the interactions, 






    
Plant Shoot Dry Weight 
Analysis of shoot dry weight revealed a significant main effects for species (p-
value <.0001) as well as significant interactive effects for the soil*species (p-value 
<0.0001) interaction. Posthoc tests were run comparing dry weight means among the ten 
sites by species. Significant comparisons had p < 0.05, and only those comparisons that 
were significant are listed below. The average dry weight of S. atrovirens germinated in 
WF and SF soils were significantly greater than those germinated in HR and CR soils. 
The average dry weight of D. fruticosa germinated in HR soil was significantly greater 
than those germinated in WF soil. The average dry weight of T. latifolia germinated in 
WF soil was significantly greater than those germinated in HR, CR, and SF soils. The 
average dry weight of E. perfoliatum germinated in WF soils was significantly greater 
than those germinated in HR, CR, and SF soils. The average dry weight of E. perfoliatum 
germinated in HR and SF soils were significantly greater than those germinated in CR 
soil. The average dry weight of M. ringens germinated in SF was significantly greater 
than those germinated in HR and CR. The average dry weight of M. ringens germinated 
in WF soil was significantly greater than those germinated in CR soil. The average dry 
weight of P. sedoides germinated in SF and WF were significantly greater than those 
germinated in HR and CR soils. The average dry weight of C. vulpinoidea germinated in 




    
Table 7 The effect of soil source on the mean shoot dry weight of plants in Greenhouse Experiment I 
Species Field Soil N Mean Shoot Dry Weight (g) Std Dev 
Hagenbuch Reserve (HR) 6 0.036 0.010 
Cemex Reserve (CR) 5 0.025 0.016 
Siebenthaler Fen (SF) 5 0.057 0.018 
C. vulpinoidea 
Woodman Fen (WF) 5 0.104 0.060 
Hagenbuch Reserve (HR) 6 0.076 0.036 
Cemex Reserve (CR) 5 0.047 0.030 
Siebenthaler Fen (SF) 4 0.032 0.031 
D. fruticosa 
Woodman Fen (WF) 5 0.019 0.011 
Hagenbuch Reserve (HR) 6 0.096 0.031 
Cemex Reserve (CR) 6 0.040 0.028 
Siebenthaler Fen (SF) 6 0.100 0.026 
E. perfoliatum 
Woodman Fen (WF) 6 0.185 0.027 
Hagenbuch Reserve (HR) 6 0.058 0.042 
Cemex Reserve (CR) 3 0.011 0.004 
Siebenthaler Fen (SF) 6 0.213 0.066 
M. ringens 
Woodman Fen (WF) 6 0.148 0.107 
Hagenbuch Reserve (HR) 6 0.043 0.025 
Cemex Reserve (CR) 2 0.009 0.012 
Siebenthaler Fen (SF) 6 0.098 0.034 
P. sedoides 
Woodman Fen (WF) 6 0.097 0.036 
Hagenbuch Reserve (HR) 6 0.051 0.017 
Cemex Reserve (CR) 1 0.012 N/A 
Siebenthaler Fen (SF) 6 0.170 0.084 
S. atrovirens 
Woodman Fen (WF) 6 0.224 0.072 
Hagenbuch Reserve (HR) 2 0.046 0.029 
Cemex Reserve (CR) 5 0.019 0.018 
Siebenthaler Fen (SF) 5 0.047 0.018 
T. latifolia 
Woodman Fen (WF) 6 0.149 0.041 
Note: This table contains unadjusted means for inoculated and non-inoculated plants combined. Mean 
shoot fresh weight of S. atrovirens, D. fruticosa, M. ringens, P. sedoides, E. perfoliatum, T. latifolia, and C. 
vulpinoidea were significantly (p < 0.05) affected by field soil. Due to complex nature of the interactions, 





    
Arbuscular Colonization of Plant Roots 
Analysis of ACOL revealed a significant main effect for species (p-value <.0001) 
as well as significant interactive effect for the species*treatment (p-value = 0.0428) 
interaction. Posthoc tests were run comparing average ACOL of plant roots among the 
four sites by species; however, no significant comparisons were found. 
Number of Seedlings 
Analysis of the number of seedlings revealed significant main effects for soil (p-
value = 0.0001) and species (p-value = 0.0020) as well as significant interactive effects 
for soil*species (p-value <.0001) and soil*treatment (p-value = 0.0178) interactions. 
Posthoc tests showed that, across all soils, the average number of seedlings of all ten 
plant species was not significantly affected by soil inoculation. However, Tukey-Kramer 
was run to determine which means were significantly different from one another. The 
germination of plants in non-inoculated CR soil was significantly greater than non-
inoculated HR soil (p < 0.0001), non-inoculated SF soil (p = 0.0075), and inoculated SF 
soil (p = 0.0178). The germination of plants in inoculated WF soil was significantly 
greater than non-inoculated HR soil (p = 0.0033, Table 8). 
Field soils within a given species were then analyzed and revealed only two 
species for which a pair of sites were found to have significantly different means. The 
average number of S. atrovirens germinated in CR soils was significantly greater than the 
average number of S. atrovirens germinated in HR soil (p = 0.0003). The average of M. 
ringens germinated in WF soil was significantly greater than those germinated in HR soil 
(Table 9). 
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Table 8 The effect of soil source and soil inoculation on plant germination in Greenhouse Experiment 
I 
Field Soil Mycorrhizal Treatment N Mean Number of Plants Std Dev 
Non-inoculated 30 20.300 23.772
Hagenbuch Reserve (HR) 
Inoculated 30 25.967 29.446
Non-inoculated 30 33.600 34.284
Cemex Reserve (CR) 
Inoculated 30 30.833 41.093
Non-inoculated  30 26.300 36.382
Siebenthaler Fen (SF) 
Inoculated  30 24.667 30.215
Non-inoculated 30 26.800 35.375
Woodman Fen (WF) 
Inoculated 30 33.600 42.139
Note: This table contains unadjusted means for all ten plant species combined. Myocrrhizal treatment 
appears to have no effect on germination; however, the high standard deviations give little clue to 
individual species reactions and may be a result of varying responses of individual species.  
 
Table 9 The effect of soil source on plant germination in Greenhouse Experiment I 
Species Field Soil N Mean Number of Plants Std Dev 
Hagenbuch Reserve (HR) 6 87.667 36.871 
Cemex Reserve (CR) 6 112.667 15.795 
Siebenthaler Fen (SF) 6 111.000 27.900 
M. ringens 
Woodman Fen (WF) 6 131.167 32.449 
Hagenbuch Reserve (HR) 6 34.167 12.561 
Cemex Reserve (CR) 6 77.167 46.162 
Siebenthaler Fen (SF) 6 51.167 13.378 
S. atrovirens 
Woodman Fen (WF) 6 54.500 12.194 
Note: This table contains unadjusted means for inoculated and non-inoculated plants combined. Soil source 
does not appear to have any significant impact on germination. 
 
Significant findings 
Shoot height of three of ten plant species was significantly affected by soil 
inoculation independent of field soil. Shoot height of T. latifolia and V. hastata was 
significantly decreased by inoculation; however, shoot height of C. vulpinoidea was 
increased by inoculation. Shoot fresh weight was significantly decreased by soil 
inoculation independent of species and field soil. Soil inoculation did not affect shoot dry 
weight, mycorrhizal colonization, or germination of native wetland plant species; 
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however, specific combinations of mycorrhizal treatment and soil type were significantly 
different than others. 
Seven of ten plant species were significantly affected by field soil. Independent of 
mycorrhizal treatment, fresh and dry weights of S. atrovirens, T. latifolia, E. perfoliatum, 
M. ringens, P. sedoides, and C. vulpinoidea weighed more when grown in soil from the 
less disturbed field sites SF or WF than when grown in CR or HR field soils. Unlike the 
others, D. fruticosa actually weighed more in soil from HR than WF. Soil type did not 
significantly affect mycorrhizal colonization of any plant species but did significantly 
affect germination in two of ten species. Germination of S. atrovirens was greater in CR 
than HR and M. ringens was greater in WF than HR field soils.  
Greenhouse Experiment II 
There were three factors of interest in this study.  Those factors were soil (5 
levels-Siebenthaler Fen (SF), Woodman Fen (WF), Pasteurized Soil (PS), Cemex 
Reserve (CR), and Hagenbuch Reserve (HR)), species (4 levels-P. virginianum, M. 
ringens, P. sedoides, T. latifolia), and treatment (2 levels – inoculated and non-
inoculated). Outcomes for this experiment were shoot height, shoot dry weight, and 
arbuscular colonization (ACOL). Effects due to species were not interpreted, because this 
was an expected effect. A total of 586 observations were collected out of a proposed 600 
(15 samples from every soil, species, and treatment combination). Although the most 
appropriate analysis would have been a multivariate analysis of variance (MANOVA), 
missing data (missing or due to error) required separate univariate analyses for each 
outcome. A bonferroni correction was then used to maintain an overall level of 
significance α = 0.05. Thus, for each of the 3 outcomes, the model p-value was compared 
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to a test-wise level of significance αtest = 0.05/3 = 0.0167. For post-hoc tests where 
multiple tests were performed and Tukey-Kramer is not mentioned, the unadjusted p-
values are reported, but a sequential bonferroni correction was used to determine 
significance. 
Table 10 ANOVA on the effects of soil, species, and soil inoculation and their interaction with shoot 
height, shoot dry weight, and arbuscular colonization 
Factor df Type III SS Mean Square F P 
 
SHOOT HEIGHT 
Soil 4 1.9551157 0.4887789 3.02 0.0176 
Species 3 230.1221807 76.7073936 474.11 <0.0001 
Treatment 1 0.1974317 0.1974317 1.22 0.2698 
Soil*Species 12 4.6729028 0.3894086 2.41 0.0048 
Soil*Treatment 4 0.8028875 0.2007219 1.24 0.2926 
Species*Treatment 3 6.3715093 2.1238364 13.13 <0.0001 
Soil*Species*Treatment 12 1.2731240 0.1060937 0.66 0.7941 
 
SHOOT DRY WEIGHT 
Soil 4 0.02547656 0.00636914 1.96 0.0998 
Species 3 0.86716009 0.28905336 88.81 <0.0001 
Treatment 1 0.00183558 0.00183558 0.56 0.4530 
Soil*Species 12 0.04684234 0.00390353 1.20 0.2799 
Soil*Treatment 4 0.01506976 0.00376744 1.16 0.3287 
Species*Treatment 3 0.02863794 0.00954598 2.93 0.0330 
Soil*Species*Treatment 12 0.04049292 0.00337441 1.04 0.4131 
 
ARBUSCULAR COLONIZATION 
Soil 4 0.04707853 0.01176963 1.32 0.2633 
Species 3 1.49137406 0.49712469 55.57 <0.0001 
Treatment 1 0.10190635 0.10190635 11.39 0.0008 
Soil*Species 12 0.24883739 0.02073645 2.32 0.0071 
Soil*Treatment 4 0.17945808 0.04486452 5.01 0.0006 
Species*Treatment 3 0.16268521 0.05422840 6.06 0.0005 
Soil*Species*Treatment 12 0.16952229 0.01412686 1.58 0.0946 
Note: Analyses are based on Type III sums of squares; therefore each term is corrected for all other terms 
in the model. Statistically significant (p-value = 0.05) interactions are indicated by bold type.  
 
Plant Shoot Height 
Analysis of plant shoot height revealed a significant main effects for soil (p-value 
= 0.0176 and species (p-value <0.0001) as well as significant interactive effects for 
soil*species (p-value = 0.0048) and species*treatment (p-value <0.0001) interactions. 
Tukey-Kramer was used to determine which soil locations had significantly different 
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mean values of shoot height across all four plant types and across both treatment groups. 
The mean shoot height for all plants grown in HR soil were significantly shorter than all 
plants grown in PS (p-value = 0.0304) and CR (p-value = 0.0251) soils (Table 11).  
Posthoc tests showed that P. virginianum and M. ringens were the only plant 
species to be significantly affected by soil inoculation. The mean shoot height of P. 
virginianum was significantly (p-value = <0.0001) increased by soil inoculation; 
however, the mean shoot height of M. ringens was significantly (p-value = 0.0002) 
decreased by soil inoculation (Table 12). 
Table 11 Effect of soil on the mean shoot height of plants grown in Greenhouse Experiment II 
Field Soil Mean Shoot Height (mm) 
Siebenthaler Fen (SF) 145.37 
Pasteurized Soil (PS) 151.04 
Woodman Fen (WF) 148.08 
Cemex Reserve (CR) 152.04 
Hagenbuch Reserve (HR) 129.38 
Note: Mean heights are shown are for all four levels of species and two levels of treatment combined. 
Statistically significant (p-value = 0.05) interactions are described in the text. Combined data has been 
separated for further examination in Table 26. 
 
Table 12 Effect of mycorrhizal treatment on the mean shoot height of plants grown in Greenhouse 
Experiment II 
 Least Square Means of Plant Shoot Height (mm) 
Mycorrhizal Treatment P. virginianum M. ringens P. sedoides Typha latifolia 
Non-inoculated 71.19 119.31 115.18 416.37 
Inoculated 100.98 91.51 118.65 431.84 
p-value: difference between 
control and inoculated 
(unadjusted for multiple tests) 
<0.0001 0.0002 0.6540 0.5824 
Note: The least square means of plant shoot height are shown for all five soil sources combined. 
Statistically significant (p-value = 0.05) interactions are indicated by bold type. Combined data has been 
separated for further examination in Table 26. 
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Plant Shoot Dry Weight 
Analysis of plant shoot dry weight revealed a significant (p-value = <0.0001) 
main effect for species as well as significant (p-value = 0.0330) species*treatment 
interaction. Posthoc tests indicated a strongly significant difference in mean dry weights 
between inoculated and non-inoculated M. ringens only (Table 13). 
Table 13 Effect of soil inoculation on mean shoot dry weight of plants grown in Greenhouse 
Experiment II 
 Least Square Means Shoot Dry Weight (g) 
Mycorrhizal Treatment P. virginianum M. ringens P. sedoides T. latifolia 
Non-inoculated 0.0600 0.3176 0.2178 0.2634 
Inoculated 0.0785 0.2569 0.2056 0.2832 
p-value: difference between 
control and inoculated 
(unadjusted for multiple tests) 
0.3599 0.0075 0.5562 0.3539 
Note: The least square means of dry weight are shown for five soil sources combined. Statistically 
significant (p-value = 0.05) interactions are indicated by bold type. Combined data has been separated for 
further examination in Table 27. 
 
Arbuscular Colonization of Plant Roots 
Analysis of ACOL revealed significant main effects for species (p-value < 
0.0001) and treatment (p-value = 0.0008) as well as significant interactive effect for 
soil*species (p-value = 0.0071), soil*treatment (p-value = 0.0006), and 
species*treatment (p-value = 0.0005), interactions. Because all three two-way 
interactions were significant, attention was placed on differences between the non-
inoculated and inoculated groups when treatment was included in the interaction.  When 
treatment was not in the interaction, attention was placed on the soil levels. Posthoc tests 
showed that M. ringens was the only plant species to be significantly affected by soil 
inoculation. The mean ACOL of M. ringens was significantly (p-value < 0.0001) 
increased by soil inoculation (Table 14). The mean ACOL of plants was significantly 
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increased by soil inoculation in SF (p-value = 0.0024) and HR (p-value < 0.0001) soils 
(Table 15).  
Tukey-Kramer test for multiple comparisons was used to determine which soil 
locations had significantly different mean values of ACOL across all four plant types and 
across all five soil types. The mean ACOL of P. virginianum in PS (p-value = 0.0563), 
WF (p-value = 0.0123), and CR (marginally significant, p-value = 0.0649) soils were 
significantly greater than the mean ACOL of P. virginianum in HR soil (Table 16).  
Table 14 Effect of soil inoculation on mean arbuscular colonization of plants grown in Greenhouse 
Experiment II 
 Mean Arbuscular Colonization (%) 
Mycorrhizal Treatment P. virginianum M. ringens P. sedoides T. latifolia 
Non-inoculated 13.11 8.77 3.78 0.66 
Inoculated 16.71 19.70 3.21 0.72 
p-value: difference between 
control and inoculated 
(unadjusted for multiple tests) 
0.0789 <0.0001 0.7510 0.9733 
Note: The least square means of arbuscular colonization are shown for all five levels of soil combined. 
Statistically significant (p-value = 0.05) interactions are indicated by bold type; though it should be pointed 
out that P. virginianum is nearly significant. Combined data has been separated for further examination in 
Table 28. 
 
Table 15 Effect of soil inoculation and soil on mean arbuscular colonization of plants grown in 
Greenhouse Experiment II  
 Mean Arbuscular Colonization (%) 
Mycorrhizal Treatment SF PS WF CR HR 
Non-inoculated 5.71 7.58 10.03 7.10 2.12 
Inoculated 12.99 8.54 8.99 6.64 11.86 
p-value: difference between 
control and inoculated 
(unadjusted for multiple tests) 
0.0024 0.6299 0.6102 0.8441 <0.0001 
Note: The least square means of arbuscular colonization are shown for all four plant species combined. 
Statistically significant (p-value = 0.05) interactions are indicated by bold type. Combined data has been 
separated for further examination in Table 28. 
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Table 16 Effect of soil inoculation and soil on mean arbuscular colonization of plants grown in 
Greenhouse Experiment II 
 Mean Arbuscular Colonization (%) 
Field Soil P. virginianum M. ringens P. sedoides T. latifolia 
Siebenthaler Fen (SF) 12.86 18.78 6.20 0.21 
Pasteurized Soil (PS) 17.71 14.21 1.07 0.34 
Woodman Fen (WF) 19.44 13.42 4.78 1.31 
Cemex Reserve (CR) 17.84 9.18 1.20 0.17 
Hagenbuch Reserve (HR) 7.08 15.17 4.34 1.43 
p-value: all means are same for each 
soil level (sliced by genus) 
(unadjusted for multiple tests) 
0.0005 0.1503 0.2860 0.9820 
Note: The least square means of arbuscular colonization are shown for inoculated and non-inoculated 
plants combined. Statistically significant (p-value = 0.05) interactions are indicated by bold type. This data 
indicates the level of arbuscular colonization of P. virginianum is directly correlated to the field soil in 
which it is grown. Combined data has been separated for further examination in Table 28. 
 
Significant findings 
 Only two of four plant species were significantly affected by soil inoculation. 
Shoot height of P. virginianum was increased by soil inoculation but shoot height of M. 
ringens was decreased by soil inoculation. Shoot dry weight of M. ringens was 
significantly decreased by soil inoculation. Mean ACOL of all plants were significantly 
increased in SF and HR soils when inoculated; however, other field soils did not facilitate 
a similar response. M. ringens was the only species that showed a significant increase in 
ACOL independent of soil type.  
 Effects attributable to soil were few and varied. Plants grown in HR soil were 
shorter than all plants grown in PS and CR soils independent of mycorrhizal treatment. 
Dry weight of plant shoots were not significantly affected by soil type in this experiment. 
Arbuscular colonization of P. virginianum in CR, PS, and WF were significantly greater 
than those in HR soil, independent of mycorrhizal treatment. 
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Field Experiment 
There were five factors of interest in this study.  Those factors were field site (5 
levels-Siebenthaler Fen (SF), Fairborn Marsh (FM), Woodman Fen (WF), Cemex 
Reserve (CR), Hagenbuch Reserve (HR)), species (4 levels-P. virginianum, M. ringens, 
C. vulpinoidea, C. stipata), and treatment (2 levels – inoculated and non-inoculated). 
Outcomes for this experiment were shoot height, shoot dry weight, arbuscular 
colonization (ACOL), leaf count, and shoot count. Effects due to species were not 
interpreted, because this was an expected effect. A total of 444 observations were 
collected out of a proposed 600 (15 samples from every field site, species, and treatment 
combination). Although the most appropriate analysis would have been a MANOVA, 
missing data (missing or due to error) required separate univariate analyses for each 
outcome. A bonferroni correction was then used to maintain an overall level of 
significance α = 0.05. Thus, for each of the 5 outcomes, the model p-value was compared 
to a test-wise level of significance αtest = 0.05/5 = 0.01. For post-hoc tests where multiple 
tests were performed and Tukey-Kramer is not mentioned, the unadjusted p-values are 
reported, but a sequential bonferroni correction was used to determine significance. 
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Table 17 ANOVA on the effects of field site, species, and soil inoculation and their interaction with 
shoot height, shoot dry weight, arbuscular colonization, leaf number, and shoot number 
Factor df Type III SS Mean Square F P 
SHOOT HEIGHT      
Field Site 4 1455884.169 363971.042 40.63 <0.0001 
Species 3 1367577.998 455859.333 50.89 <0.0001 
Treatment 1 326.873 326.873 0.04 0.8486 
Field Site*Species 12 858858.613 71571.551 7.99 <0.0001 
Field Site*Treatment 4 8151.356 2037.839 0.23 0.9229 
Species*Treatment 3 46270.167 15423.389 1.72 0.1623 
Field Site*Species*Treatment 12 54097.711 4508.143 0.50 0.9123 
      
SHOOT DRY WEIGHT      
Field Site 4 19.37586743 4.84396686 7.98 <0.0001 
Species 3 99.27672039 33.09224013 54.55 <0.0001 
Treatment 1 1.58450817 1.58450817 2.61 0.1070 
Field Site*Species 12 11.04314757 0.92026230 1.52 0.1163 
Field Site*Treatment 4 2.84371800 0.71092950 1.17 0.3231 
Species*Treatment 3 4.86353427 1.62117809 2.67 0.0475 
Field Site*Species*Treatment 12 5.55798142 0.46316512 0.76 0.6881 
      
ARBUSCULAR 
COLONIZATION 
     
Field Site 4 1.25399520 0.31349880 14.36 <0.0001 
Species 3 0.85393718 0.28464573 13.04 <0.0001 
Treatment 1 0.00103056 0.00103056 0.05 0.8281 
Field Site*Species 12 0.78146012 0.06512168 2.98 0.0006 
Field Site*Treatment 4 0.06230245 0.01557561 0.71 0.5832 
Species*Treatment 3 0.13767017 0.04589006 2.10 0.0999 
Field Site*Species*Treatment 12 0.29511693 0.02459308 1.13 0.3376 
      
LEAF COUNT      
Field Site 4 6.76437920 1.69109480 5.03 0.0006 
Species 3 12.52869126 4.17623042 12.42 <0.0001 
Treatment 1 0.07775199 0.07775199 0.23 0.6309 
Field Site*Species 12 1.03398983 0.08616582 0.26 0.9947 
Field Site*Treatment 4 1.16949871 0.29237468 0.87 0.4822 
Species*Treatment 3 2.34081180 0.78027060 2.32 0.0751 
Field Site*Species*Treatment 12 1.74518607 0.14543217 0.43 0.9499 
      
SHOOT COUNT      
Field Site 4 4.17119799 1.04279950 3.68 0.0060 
Species 3 57.50016893 19.16672298 67.55 <0.0001 
Treatment 1 0.81619983 0.81619983 2.88 0.0908 
Field Site*Species 12 5.46843483 0.45570290 1.61 0.0881 
Field Site*Treatment 4 0.41913978 0.10478494 0.37 0.8305 
Species*Treatment 3 0.79900283 0.26633428 0.94 0.4221 
Field Site*Species*Treatment 12 2.95386967 0.24615581 0.87 0.5806 
Note: Analyses are based on Type III sums of squares; therefore each term is corrected for all other terms 
in the model. Statistically significant (p-value = 0.05) interactions are indicated by bold type.  
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Plant Shoot Height 
Analysis of plant shoot height revealed significant main effects for field site (p-
value < 0.0001) and species (p-value < 0.0001) as well as a significant interactive effect 
for the field site*species interaction (p-value < 0.0001). Posthoc tests showed that field 
sites affected the shoot height of all species, except P. virginianum (Table 18). Post-hoc 
(Tukey-Kramer) tests for multiple comparisons were run to determine significant 
differences between field sites for each species (Table 18): 
The mean shoot height of M. ringens at WF was significantly (p-value = 0.0041) 
greater than the mean shoot height of M. ringens at HR. 
 
The mean shoot height of C. vulpinoidea at SF was significantly (p-value 
<0.0001) greater than the mean shoot height of C. vulpinoidea at FM, WF, CR, 
and HR. The mean shoot height of C. vulpinoidea at FM was significantly 
greater than the mean shoot height of C. vulpinoidea at CR (p-value = 0.0485) 
and HR (p-value <0.0001). The mean shoot height of C. vulpinoidea at WF was 
significantly greater than the mean shoot height of C. vulpinoidea at CR (p-
value = 0.0124) and HR p-value = 0.0011). 
 
The mean shoot height of C. stipata at SF was significantly greater than the 
mean shoot height of C. stipata as CR (p-value = 0.0002) and HR (p-value < 
0.0001). The mean shoot height of C. stipata at FM was significantly greater 
than the mean shoot height of C. stipata at CR (p-value = 0.0096) and HR (p-
value = 0.0008). The mean shoot height of C. stipata at WF was significantly 
46  
    
greater than the mean shoot height of C. stipata at CR (p-value = 0.0337) and 
HR (p-value = 0.0072).  
Table 18 Effect of field site on the mean shoot height of plants grown in the Field Experiment 
 Least Square Means of Plant Shoot Height (mm) 
Field Site Location P. virginianum M. ringens C. vulpinoidea C. stipata 
Siebenthaler Fen (SF) 133.35 110.44 506.39 288.15 
Fairborn Marsh (FM) 109.04 90.74 255.96 220.58 
Woodman Fen (WF) 126.97 167.79 277.34 213.50 
Cemex Reserve (CR) 64.32 45.00 130.33 128.17 
Hagenbuch Reserve (HR) 69.73 26.75 122.03 132.11 
p-value: all means are same for 
each field site (sliced by species) 
(unadjusted for multiple tests) 
0.0743 0.0009 <0.0001 <0.0001 
Note: The least square means of height are shown for inoculated and non-inoculated plants combined. 
Statistically significant (p-value = 0.05) interactions are indicated by bold type. This data indicates the level 
of arbuscular colonization of M. ringens, C. vulpinoidea, and C. stipata is directly correlated to the field 
site in which it is grown. Combined data has been separated for further examination in Table 29.   
 
Plant Shoot Dry Weight 
Analysis of shoot dry weight revealed significant main effects for field site (p-
value < 0.0001) and species (p-value < 0.0001) as well as a significant (p-value = 0.0475) 
interactive effect for the species*group interaction. Posthoc tests showed a significant 
difference in mean height between non-inoculated and inoculated M. ringens. Across all 
field sites, the mean dry weight was significantly decreased by soil inoculation (p-value = 
0.0272); however, it is important to note that this significance may only be considered 
marginal when a Bonferroni correction is applied to the unadjusted values (Table 19). 
Post-hoc (Tukey-Kramer) tests for multiple comparisons were run to determine 
significant differences between field sites for each species. The mean dry weight for all 
species in SF were significantly greater than the mean dry weight of all species in FM (p-
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value = 0.0071), WF (p-value = 0.0027), CR (p-value = 0.0143), and HR (p-value < 
0.0001, Table 20). 
Table 19 Effect of soil inoculation on mean shoot dry weight of plants grown in the Field Experiment 
 Least Square Means Shoot Dry Weight (g) 
Mycorrhizal Treatment P. virginianum M. ringens C. vulpinoidea C. stipata 
Non-inoculated 0.0350 0.1163 0.1447 0.1432 
Inoculated 0.0366 0.0614 0.1102 0.1733 
p-value: difference between 
control and inoculated 
(unadjusted for multiple tests) 
0.7999 0.0272 0.1324 0.2550 
Note: The least square means of dry weight are shown for all five field sites combined. Statistically 
significant (p-value = 0.05) interactions are indicated by bold type. Combined data has been separated for 
further examination in Table 30. 
 
Table 20  Effect of field site on mean shoot dry weight of plants grown in the Field Experiment 
Field Site Mean Shoot Dry Weight (g) 
Siebenthaler Fen (SF) 0.1407 
Fairborn Marsh (FM) 0.0867 
Woodman Fen (WF) 0.0828 
Cemex Reserve (CR) 0.0735 
Hagenbuch Preserve (HR) 0.0696 
Note: Mean dry weights are shown by soil level in the table above. Statistically significant (p-value = 0.05) 
interactions are described in the text. Combined data has been separated for further examination in Table 
30. 
 
Arbuscular Colonization of Plant Roots 
Analysis of ACOL revealed significant main effects for field site (p-value < 
0.0001) and species (p-value < 0.0001) as well as a significant interactive effect for field 
site*species (p-value = 0.0006). Posthoc tests showed that there were significant 
differences in ACOL for all four plant species at all five field sites. Post-hoc (Tukey-
Kramer) tests for multiple comparisons were run to determine significant differences 
between field sites for each species (Table 21): 
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The mean ACOL of P. virginianum at FM (p-value =0.0041) and HR p-value = 
0.0007) were significantly greater than the mean ACOL of P. virginianum at WF; 
The mean ACOL of M. ringens at HR was significantly p-value = 0.0306) greater 
than the mean ACOL of M. ringens at WF; 
 
The mean ACOL of C. vulpinoidea at SF was significantly greater than the mean 
ACOL of C. vulpinoidea at FM (p-value = 0.0189), WF (p-value = 0.0090), CR (p-
value = 0.0111), and HR (p-value = 0.0195); and 
 
The mean ACOL of C. stipata at SF was significantly greater than the mean ACOL 
of C. stipata at FM (p-value = 0.0008), WF (p-value = 0.0095), CR (p-value = 
0.0113), and HR (p-value = 0.0013).  
Table 21 Effect of field site location on the mean arbuscular colonization of plants grown in the Field 
Experiment 
 Mean arbuscular colonization (%) 
Field Site Location P. virginianum M.  ringens C. vulpinoidea C. stipata 
Siebenthaler Fen (SF) 0.2050 0.2273 0.2074 0.2180 
Fairborn Marsh (FM) 0.2511 0.0577 0.0228 0.0608 
Woodman Fen (WF) 0.0303 0.0304 0.0013 0.0191 
Cemex Reserve (CR) 0.2044 0.1611 0.0406 0.0086 
Hagenbuch Preserve (HR) 0.2472 0.2299 0.0435 0.0304 
p-value: all means are same for 
each field site (sliced by species) 
(unadjusted for multiple tests) 
<0.0001 0.0004 0.0002 <0.0001 
Note: The least square means of arbuscular colonization are shown for inoculated and non-inoculated 
plants combined. Statistically significant (p-value = 0.05) interactions are indicated by bold type. This data 
indicates the level of arbuscular colonization of P. virginianum, M. ringens, C. vulpinoidea, and C. stipata 
is directly correlated to the field site in which it is grown. Combined data has been separated for further 
examination in Table 31. 
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Leaf Count 
Analysis of leaf count revealed significant main effects for field site (p-value = 
0.0006) and species (p-value < 0.0001). Post-hoc (Tukey-Kramer) tests for multiple 
comparisons were run to determine which soil locations had significantly different mean 
values of leaf count across all four plant types and across both treatment groups (Table 
22). The mean leaf count for all four species at SF were significantly higher than the 
mean leaf count for all four species at FM (p-value = 0.0003), HR (significant, p-value = 
0.0114), and CR (marginally significant, p-value = 0.0610). 
Table 22 Effect of field site on mean number of leaves for plants grown in the Field Experiment 
 
Note: Mean leaf counts are shown for all four plant species and both inoculated and non-inoculated plant 
species combined. Statistically significant (p-value = 0.05) interactions are described in the text. Combined 
data has been separated for further examination in Table 32. 
Field Site Location Mean Number of Leaves 
Siebenthaler Fen (SF) 27.55 
Fairborn Marsh (FM) 18.08 
Woodman Fen (WF) 21.30 
Cemex Reserve (CR) 18.81 
Hagenbuch Preserve (HR) 20.65 
 
Shoot Count 
Analysis of the number of plant shoots revealed significant main effects for field 
site (p-value = 0.0060) and species p-value < 0.0001).  Post-hoc (Tukey-Kramer) tests for 
multiple comparisons were run to determine which soil locations had significantly 
different mean values of shoot count across all four plant types and across both treatment 
groups. The mean shoot count for all plants in SF was significantly (p-value = 0.0047) 
greater than the mean shoot count for all plants in WF (Table 23). 
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Table 23 Effect of field site on mean number of shoots for plants grown in the Field Experiment 
Field Site Location Mean Number of Shoots 
Siebenthaler Fen (SF) 2.89 
Fairborn Marsh (FM) 2.62 
Woodman Fen (WF) 2.09 
Cemex Reserve (CR) 2.28 
Hagenbuch Preserve (HR) 2.33 
Note: Mean shoot counts are shown for all four plant species and both inoculated and non-inoculated plant 
species combined.. Statistically significant (p-value = 0.05) interactions are described in the text.  
Combined data has been separated for further examination in Table 33. 
 
Significant Findings 
Soil inoculation did not significantly affect shoot height of any plant species. 
Shoot dry weight of M. ringens was significantly decreased by soil inoculation but was 
the only species to show significant effects from mycorrhizal treatment. Leaf count and 
shoot count were not affected by mycorrhizal treatment. 
Field site significantly affected the shoot height of 3 of 4 plant species tested. 
Although results for specific species varied, M. ringens, C. vulpinoidea, and C. stipata 
were generally greater in organic soils of SF, FM, and WF than they were in CR and HR. 
The shoot dry weight of plants grown at SF was significantly greater than plants grown at 
any other field site, independent of species and mycorrhizal treatment. 
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V. DISCUSSION 
While the results of these experiments were varied, they do work together to 
illustrate several important concepts ranging from the delicate balance between 
mutualistic/parasitic relationship between mycorrhizal fungi and host plant growth to the 
importance of field site selection for wetland mitigation success (Environmental 
Laboratory, 1987; U.S. Army Corps of Engineers, 2010). While previous studies have 
touched on these subjects for terrestrial ecosystems, little research has been done to 
illustrate these interactions in wetlands (Brundrett, 2002). Several published studies may 
hint at the basis of findings made in my study. 
Arbuscular mycorrhizal fungi (AMF) are believed to aid plant growth (Smith and 
Read, 2008). Numerous studies have demonstrated that wetland plants are colonized by 
AM fungi (Sondergaard and Laegaard, 1977; Farmer, 1985; Newman and Reddell, 1987; 
Rickerl et al., 1994; Miller et al., 1999; Turner et al., 2000; Cornwell et al., 2001; 
Weishampel and Bedford, 2006) and my results show that non-inoculated plants easily 
become colonized when placed in the field (Tables 14 and 15). Native wetland plant 
nurseries use the addition of mycorrhizal fungi to their greenhouse grown plants as a 
promotional tool to suggest inoculation increases plant growth and establishment (B. 
Hess, personal communication). However, this study illustrates how inappropriate this 
approach may be when applied to all plant species. While species such as P. virginianum 
and C. vulpinoidea responded to soil inoculation with increased shoot growth, T. latifolia, 
V. hastata, and M. ringens were significantly stunted in their growth. Previous research 
has demonstrated that the symbiotic relationship between mycorrhizal fungi and their 
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host plants can range from mutualism to parasitism (van der Heijden and Sanders, 2002) 
and that may explain the range of positive, negative, and neutral results seen throughout 
this study. AMF form storage vesicles late in their development resulting in a carbon 
drain from host plants (van der Heijden and Sanders, 2002). This carbon deficit can result 
in lower root:shoot ratios and reduce plant dry matter (Table 12-14) as was witnessed 
with M. ringens in Greenhouse Experiment II (Smith, 1980). Photosynthetic rates may be 
stimulated to reduce the carbon deficit caused by the symbiosis (Dunham et al., 2003), 
although the increase in plant growth has been directly correlated with P uptake and the 
development of external hyphae (Sanders et al., 1977). If the addition of mycorrhizal 
inoculum cannot uniformly improve plant health, specific site conditions or 
characteristics must be more closely examined. 
The plant species observed in this study each interacted with inoculum, arbuscular 
colonization, and soils/field sites differently. In the greenhouse and field studies, P. 
virginianum and M. ringens were the species most directly or obviously affected by 
mycorrhizal inoculum and arbuscular colonization. In Greenhouse Experiment II, the 
shoot height of P. virginianum was increased when inoculated while M. ringens was 
significantly decreased; however, unlike M. ringens, the growth response of P. 
virginianum could not be directly correlated to an increase in arbuscular colonization. In 
the field experiment, inoculated P. virginianum seedlings appeared to be immediately 
stunted while M. ringens appeared more robust. Although these initial observations 
dissipated as the plants developed they indicate that each plant species may respond 
differently to the presence or association with mycorrhizal fungi (Table 29) and that each 
plant species may benefit from the symbiosis at different points of their development 
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(Brundrett, 2002). It is important to note that when the interaction with sites or soil types 
is included in the analysis the strong influence of soil type can obscure the results in a 
single soil type or site location. In practice, a wetland restoration practitioner would deal 
with only one soil or site condition and the results from that location, only, are the 
important ones. 
In Greenhouse Experiment I, plant competition may have played a significant role 
in determining the extent to which each of the plant species responded to field soils and 
soil inoculation. Because the number of plants growing in each potting cell ranged from a 
single plant to as many as 120 germlings, a significant competition for resources may 
have masked interactions with field soils and inoculum. Because this was a preliminary 
study focused mainly on the affect of inoculation on seed germination, the plants were 
not thinned but carefully counted throughout the experiment. Further examination of the 
data from Greenhouse Experiment I should include a covariant analysis to determine if 
the crowding of these did indeed play a significant role in their response to the 
experimental treatments.  
 In this study, field sites with the least amount of hydrologic or other disturbance 
and highest organic matter content produced plants that typically displayed greater shoot 
height and shoot weight independent of their mycorrhizal treatment despite previous 
research (McGonigle et al., 1990a; McGonigle et al., 2000); therefore, larger plants at 
these sites of high organic matter content could be attributed to the available soil moisture 
or soil nutrients such as phosphorus. Ultimately, plant success and their degree of 
mycorrhizal colonization are influenced by the same physical and chemical properties of 
the soil, primarily: temperature(Mosse, 1973; Tommerup, 1984; Anderson et al., 1986; 
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Koske, 1987), soil moisture (Miller, 2000; Purakayastha and Chhonkar, 2001), soil pH 
(Read et al., 1976), soil disturbance (Evans and Miller, 1988; McGonigle et al., 1990a; 
Hartnett and Wilson, 1999; McGonigle and Miller, 2000; Eriksson, 2001), and nutrient 
content. Nutrient quantity influences the responsiveness of the individual plants or 
species to mycorrhizal colonization (Murdoch et al., 1967). For example, AMF collected 
from soils with low phosphorus concentrations are much more sensitive to P supply than 
those fungi from soils with an abundant P supply (Abbott and Robson, 1978; Cooper, 
1978; Jasper et al., 1979). Future studies should include analysis of percent organic 
matter, nutrient concentration, and available soil moisture to assist in determining 
whether or not AMF are beneficial. 
The extent of mycorrhizal colonization has been shown to have a significant 
seasonal fluctuations correlating to the plant growth patterns of native wetland plant 
species (Turner and Friese, 1998; Bohrer et al., 2004). Specifically, Bohrer (2004) was 
able to find a significant effect of seasonality (month) to the extent of arbuscular 
colonization of all dominant plant species at four wetland field sites despite variation in 
water levels, soil moisture, and available phosphorus. Although the extent of mycorrhizal 
colonization was examined to determine its role in plant growth in this study, no attempt 
was made to quantify the soil characteristics mentioned above or to determine their 
impact on the plant/fugal symbiosis. Furthermore, the preliminary nature of this study did 
not permit the examination of arbuscular colonization beyond a single growing season. 
Detailed analysis of physical and chemical soil conditions is warranted in future studies 
to understand the full impact of these conditions on individual plant species. A substantial 
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effort should be given to extend these observations over the course of multiple growing 
seasons.  
In Greenhouse Experiment I a natural inoculum of Siebenthaler Fen soil was 
used. In Greenhouse Experiment II and the Field Experiment a commercial inoculum, 
MycoGrow SolubleTM, was used. The commercial inoculum contained a specific 
complement of  endo- and ecto-mycorrhizal fungi and beneficial soil bacteria (see 
Appendix); however, the fungal and bacterial components of Siebenthaler Fen soil were 
not examined prior to its inclusion. Because significantly different reactions have even 
been reported for a single plant species grown under identical conditions but exposed to 
different species of mycorrhizal fungi (Mosse and Hayman, 1971), it is important to 
identify both the host and symbiote to begin to understand the complexity of these 
interactions. Due to the preliminary nature of this study, the role of mycorrhizae in 
determining plant growth was assumed and those complex interactions were not 
examined. Future studies should attempt to identify the species of mycorrhizal fungi 
present or absent at wetland mitigation sites and examine the extent of interaction 
between plants and bacteria, fungi and bacteria, or plants, fungi, and bacteria. 
Each of the three experiments in this study approached inoculation of native 
wetland plants in a different way. In Greenhouse Experiment I, field soils were amended 
either with raw (inoculated) or pasteurized (non-inoculated) Siebenthaler Fen soil which 
was assumed to contain a complement of mycorrhizal fungal propagules. In Greenhouse 
Experiment II, sweet corn, annual rye grass, and blue lake bush beans were used as host 
plants to develop a mycorrhizal inoculum of hyphae, colonized roots, and spores in a 
50/50 mixture of sand and PS. Host plants were inoculated with 10mL MycoGrowTM 
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Soluble (0.104g/L dH2O). Control plants were treated with 10mL dH2O. Produced 
inoculum was collected one month later, when the plants began to show signs of 
nutritional deficiency as apparent by yellowing of the leaves, chopped, and homogenized. 
In the Field Experiment, native wetland plant species were directly inoculated with 
MycoGrowTM Soluble in the greenhouse prior to their transplantation into wetland field 
sites. In addition to the various methods of inoculation used, it should be noted that 
MycoGrowTM Soluble contains a complement of typical soil fungi in addition to both 
endo- and ecto-mycorrhizal species, therefore the results of inoculation cannot be 
attributed to mycorrhizal fungi alone. Although the methods and materials used may 
complicate comparison between experiments, the intent was to make each experiment 
more applicable to commercial nursery operations and observe the results. 
Greenhouse experiments can produce results that are, at times, strikingly different 
from the results that may be obtained from a similar project conducted in the field. The 
comparison of results from greenhouse experiments and the field experiment was critical 
to this study. In the greenhouse, plants were provided with optimal temperature, lighting, 
and water supply. In the field experiment, plants were watered prior to transplantation but 
were not afforded further assistance. Observations in Greenhouse Experiment II indicated 
that arbuscular colonization of P. virginianum and M. ringens played a significant role in 
plant growth or suppression thereof; however, the arbuscular colonization of only one 
species, P. virginianum, was tied directly to the field soils in which it was grown. 
Observations in the Field Experiment revealed that arbuscular colonization affected the 
shoot dry weight of M. ringens, but did not significantly impact any other species. The 
Field Experiment indicated a much higher correlation in shoot height and arbuscular 
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colonization of all four plants species to be tied directly to the field site in which they 
were grown. Due to the inherent, obligately symbiotic nature of mycorrhizal fungi 
(Thompson et al., 1986; Anderson and Liberta, 1989; van der Heijden and Sanders, 
2002), greenhouse work is vital for understanding the basic interactions between 
mycorrhizal fungi and their plant hosts; however, the results of those experiments must 
be replicated in situ in order for those results to be adopted and accepted in common 
restoration practices. Furthermore, the field experiment more closely represents the way 
in which mycorrhizal fungi are utilized in the nursery industry and therefore serves as a 
better model from which data can be extrapolated. 
The most important finding in this study was that each plant species reacted 
differently to each combination of field soil/field site and mycorrhizal treatments both in 
the greenhouse and field studies. The Field Experiment revealed significant correlation 
between plant growth, arbuscular colonization, and field site and indicated that soil 
inoculation did not significantly affect the arbuscular colonization of native wetland plant 
species once transplanted into their respective field sites. Whether inoculated with 
mycorrhizal fungi or not, all plant species examined became associated with mycorrhizal 
fungi prior to their harvest and assessment indicating that even in severely disturbed field 
sites where extensive soil removal had taken place, active mycorrhizal fungal propagules 
were sufficiently pervasive to infect and interact with each plant species. It is apparent 
from this study that future wetland mitigation and restoration projects would benefit more 
from the examination of nutrient availability and organic matter content of soils than 








    
VI. CONCLUSION 
This research was an initial attempt to determine the potential improvement of 
wetland mitigation or restoration utilizing plants inoculated with mycorrhizal fungi prior 
to transplantation into field soils and field sites from natural, restored, and created 
wetlands. Associated with 70-95% of all plant species (Hardie and Leyton, 1981; Allen, 
1991; Smith et al., 2003; Smith and Read, 2008), mycorrhizal fungi and their mycelial 
networks are credited with nutrient acquisition (Sanders and Tinker, 1971; Allen et al., 
1981a; Powell and Bagyaraj, 1984; Allen, 1991; Bauer et al., 2003), improved water 
relations (Menge et al., 1978; Levy and Krikun, 1980; Hardie and Leyton, 1981; 
Sieverding, 1981; Allen, 1982; Nelson and Safir, 1982a, 1982b; Cooper, 1983b), and 
plant community dynamics (Read et al., 1976; Grime et al., 1987; Evans and Miller, 
1988; Newman, 1988; Eissenstat and Newman, 1990; McGonigle et al., 1990a; Read, 
1991; Gange et al., 1993; Francis and Read, 1994; Moora and Zobel, 1998; van der 
Heijden et al., 1998; Hartnett and Wilson, 1999; Bago et al., 2000; McGonigle and 
Miller, 2000; Eriksson, 2001; van der Heijden and Sanders, 2002a). It is important to 
ascertain the influence of mycorrhizal fungi in natural systems to better understand their 
role in plant establishment and assist in the design and implementation of more effective 
wetland mitigation projects. 
In this study, the results/effects of soil inoculation varied greatly between plant 
species and field sites/soils throughout all three experiments. Predictable results, such as 
the reduced biomass of all plant species resulting from soil inoculation has been reported 
in the literature (Solaiman and Hirata, 1995; Dunham et al., 2003), were expected and 
observed in the fresh weight of all ten plant species and independent of field soil in 
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Greenhouse Experiment I (Table 5); however, the arbuscular colonization of those plants 
was not significantly affected by soil inoculation or field soil. In future studies, the 
interactive effects that obscure trends must be better managed. Though not true for all 
species, M. ringens displayed clear correlations between soil inoculation and growth 
response in Greenhouse Experiment II. The plant shoot height, dry weight, and 
arbuscular colonization of M. ringens were all significantly affected by soil inoculation 
(Tables 12-14). For M. ringens, increased arbuscular colonization resulting from 
mycorrhizal colonization resulted in reduced plant shoot height and reduced shoot dry 
weight. Therefore, mycorrhizae may not provide a competitive advantage in the field for 
this species. 
In the Field Experiment, the shoot height of all four plant species was unaffected 
by soil inoculation; however, shoot height of three of the four species was significantly 
affected by field site. The shoot dry weight of M. ringens was once again significantly 
decreased by soil inoculation; however, a direct correlation to arbuscular colonization 
was not found. Interestingly, the shoot dry weight of all four species combined reflected 
the level of site disturbance originally used to choose these field sites, independent of 
mycorrhizal treatment (SF>FM>WF>CR>HR, Table 20). All four plants grown at SF 
produced significantly higher leaf counts compared to those of any other field site, 
providing further confirmation of the effect of natural, organic soils on these plant 
species. 
The major question posed by this work is in large part answered. Is it important to 
inoculate plants with mycorrhizal fungi prior to their use in wetland restoration projects? 
The answer is dependent on the combination of soil at the site and plant species chosen. 
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When inoculated the growth of some plants is increased, some are not affected, and 
others are decreased. The degree to which the plants are impacted by mycorrhizae is 
strongly dependent on the condition of the soil. My hypothesis was that highly disturbed 
soils would require the re-introduction of mycorrhizae was not supported as arbuscular 
colonization was evident in all plants whether or not they had been inoculated. It is 
apparent that mycorrhizal propagules are present in field soils and capable of interacting 
with the plants as previously reported (Aziz et al., 1995). It appears more important to 
choose a site with soils that support the plants, inoculated or not. Wetland mitigation sites 
designed on hydric soils, such as those from SF, WF, and FM are typically approved by 
regulatory agencies under the Clean Water Act because they are more likely to succeed. 
This work supports that policy. 
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VIII. APPENDIX 
MycoGrow SolubleTM is available at http://www.fungi.com/mycogrow/ and contains the 
concentrated spore mass of the following:  
Endomycorrhizal fungi: Glomus intraradices, Glomus mosseae, Glomus 
aggregatum, Glomus clarum, Glomus deserticola, Glomus etunicatum, Gigaspora 
margarita, Gigaspora brasilianum, Gigaspora monosporum  
Ectomycorrhizal fungi: Rhizopogon villosullus, Rhizopogon luteolus, 
Rhizopogon amylopogon, Rhizopogon fulvigleba, Pisolithus tinctorius, Laccaria 
bicolor, Laccaria laccata, Scleroderma cepa, Scleroderma citrinum, Suillus 
granulatas, Suillus punctatapies  
Trichoderma: Trichoderma harzianum, Trichoderma konigii  
Beneficial Bacteria: Bacillus subtillus, Bacillus licheniformis, Bacillus 
azotoformans, Bacillus megaterium, Bacillus coagulans, Bacillus pumlis, Bacillus 
thuringiensis, Bacillus stearothermiphilis, Paenibacillus polymyxa, Paenibacillus 
durum, Paenibacillus florescence, Paenibacillus gordonae, Azotobacter 
polymyxa, Azotobacter chroococcum, Sacchromyces cervisiae, Streptomyces 
griseus, Streptomyces lydicus, Pseudomonas aureofaceans, Deinococcus 
erythromyxa 
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0.05% Trypan Blue Stain 
Trypan Blue Stain 0.05% w/v in 1:1:1 lactic acid, glycerol, and distilled water 
Glycerine Jelly 
Gelatin 10g 
Thymol  0.25g  
Glycerol 70mL  
Distilled H20 60mL 
Peter’s All-Purpose Plant Food (actual application was at ¼ strength) 
Total Nitrogen 20%, 1.97% Nitrate; 18.03% Urea 
Available Phosphorus 20%, P2O5 
Soluble Potash 20%, K2O 
Total Magnesium 0.50% water soluble Mg 
Boron 0.02% 
Copper 0.05% 
Chelated Copper 0.10% 





    
 
Table 24 Analysis of Variance of Data Obtained in Greenhouse Experiment II 
SHOOT HEIGHT 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 245.3042414 6.2898523 38.88 <0.0001 
Error 536 86.7205446 0.1617921   
Corrected Total 575 332.0247861    
      
  R-Square Coeff Var Root MSE Mean 
  0.738813 8.050924 0.402234 4.996120 
 
SHOOT DRY WEIGHT 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 1.04988941 0.02692024 8.27 <0.0001 
Error 531 1.72821428 0.00325464   
Corrected Total 570 2.77810368    
      
  R-Square Coeff Var Root MSE Mean 
  0.377916 7.195279 0.057049 0.792874 
 
ARBUSCULAR COLONIZATION 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 2.41026790 0.06180174 6.91 <0.0001 
Error 423 3.78425648 0.00894623   
Corrected Total 462 6.19452437    
      
  R-Square Coeff Var Root MSE Mean 
  0.389097 123.8799 0.094585 0.076352 
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Table 25 Analysis of Variance of Data Obtained from the Field Experiment 
SHOOT HEIGHT 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 4281862.659 109791.350 12.26 <0.0001 
Error 336 3009810.575 8957.770   
Corrected Total 375 7291673.234    
      
  R-Square Coeff Var Root MSE Mean 
  0.587226 56.41162 94.64549 167.7766 
 
SHOOT DRY WEIGHT 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 164.5282516 4.2186731 6.95 <0.0001 
Error 321 194.7344869 0.6066495   
Corrected Total 360 359.2627385    
      
  R-Square Coeff Var Root MSE Mean 
  0.457961 -31.89053 0.778877 -2.442346 
 
ARBUSCULAR COLONIZATION 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 3.54266718 0.09083762 4.16 <0.0001 
Error 312 6.81112457 0.02183053   
Corrected Total 351 10.35379175    
      
  R-Square Coeff Var Root MSE Mean 
  0.342161 135.1829 0.1477521 0.109298 
 
LEAF COUNT 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 30.8280808 0.7904636 2.35 <0.0001 
Error 329 110.5890238 0.3361369   
Corrected Total 368 141.4171047    
      
  R-Square Coeff Var Root MSE Mean 
  0.217994 18.86175 0.579773 3.073804 
 
SHOOT COUNT 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 39 100.2549716 2.5706403 9.06 <0.0001 
Error 336 95.3372872 0.2837419   
Corrected Total 375 195.5922588    
      
  R-Square Coeff Var Root MSE Mean 







    
 
Table 26 Supplemental Breakdown of Mean Shoot Height from Greenhouse Experiment II 
 Mean Shoot Height (mm) 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 112.888 67.389 95.021 133.329 121.566 109.862 462.504 376.282 
PS 119.384 82.882 93.794 111.795 128.278 105.119 451.130 425.384 
WF 92.184 74.068 101.180 148.133 124.401 119.302 442.195 426.032 
CR 114.339 103.631 92.068 125.561 105.199 122.108 418.030 433.593 
HP 84.182 46.433 82.259 99.820 115.217 120.474 429.960 423.202 
 
Table 27 Supplemental Breakdown of Mean Shoot Dry Weight from Greenhouse Experiment II 
 Mean Shoot Dry Weight (g) 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 0.087 0.040 0.231 0.330 0.195 0.236 0.268 0.211 
PS -0.022 0.061 0.290 0.315 0.202 0.185 0.412 0.323 
WF 0.063 0.058 0.233 0.357 0.231 0.186 0.256 0.307 
CR 0.081 0.100 0.263 0.290 0.199 0.232 0.319 0.253 
HP 0.041 0.030 0.253 0.268 0.191 0.232 0.270 0.243 
 
 
Table 28 Supplemental Breakdown of Mean Arbuscular Colonization from Greenhouse Experiment 
II 
 Mean Arbuscular Colonization (%) 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 16.6 6.1 30.4 8.2 4.5 7.9 0.3 0.1 
PS 20.0 15.5 14.7 13.7 0.7 1.4 0.1 0.6 
WF 15.9 23.1 17.3 9.7 3.7 5.9 0.1 2.5 
CR 17.2 18.5 8.7 9.7 1.2 1.2 0.3 0.00 
HP 11.5 2.8 28.9 2.9 6.0 2.7 2.8 0.1 
 
 
Table 29 Supplemental Breakdown of Mean Shoot Height from the Field Experiment 
 Mean Shoot Height (mm) 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 142.700 124.000 109.636 111.250 481.909 530.875 311.750 264.545 
PS 119.500 98.571 56.333 125.143 234.778 277.143 234.417 206.750 
WF 156.375 97.556 144.286 191.286 239.100 315.571 220.667 206.333 
CR 64.143 64.500 50.000 20.000 129.667 131.000 135.500 120.833 




    
Table 30 Supplemental Breakdown of Mean Shoot Dry Weight from the Field Experiment 
 Mean Shoot Dry Weight (g) 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 0.053 0.046 0.062 0.156 0.236 0.375 0.352 0.238 
PS 0.033 0.037 0.027 0.143 0.102 0.169 0.240 0.182 
WF 0.044 0.026 0.073 0.141 0.089 0.145 0.138 0.112 
CR 0.022 0.031 0.147 0.095 0.084 0.096 0.097 0.117 
HP 0.039 0.038 0.051 0.072 0.089 0.075 0.143 0.106 
 
 
Table 31 Supplemental Breakdown of Mean Arbuscular Colonization from the Field Experiment 
 Mean Arbuscular Colonization (%) 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 21.1 19.9 28.3 17.2 15.0 26.4 16.0 27.6 
PS 19.9 30.3 3.4 8.1 1.1 3.5 6.8 5.4 
WF 1.6 3.9 6.0 3.3 0.2 0.1 0.6 2.8 
CR 20.2 20.6 32.2 13.7 4.0 4.1 1.6 0.1 
HP 16.0 33.4 28.8 17.2 3.3 5.4 3.4 2.7 
 
 
Table 32 Supplemental Breakdown of Mean Leaf Count from the Field Experiment 
 Mean Leaf Count 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 37.888 38.611 15.551 24.281 24.577 39.095 27.785 23.573 
PS 24.759 24.799 10.059 16.652 15.906 23.804 20.063 15.537 
WF 34.300 33.077 14.321 18.612 19.629 25.198 21.354 13.732 
CR 26.016 23.595 18.000 2.317 20.761 23.272 16.399 18.485 
HP 27.802 27.596 17.518 16.381 21.772 22.117 20.528 16.229 
 
 
Table 33 Supplemental Breakdown of Mean Shoot Count from the Field Experiment 
 Mean Shoot Count 
Species P. virgianum M. ringens P. sedoides T. latifolia 
Field Soil Inoculated Control Inoculated Control Inoculated Control Inoculated Control 
SF 2.174 2.280 1.075 1.711 4.102 6.780 5.010 4.757 
PS 1.884 2.203 1.140 1.479 4.589 6.596 4.125 3.480 
WF 2.064 2.093 1.000 1.000 4.602 4.934 2.067 2.359 
CR 2.445 1.942 1.000 0.414 4.085 4.533 2.884 3.263 

















Figure 3 Map of Field Site Locations 
CR = Cemex Reserve; FM = Fairborn Marsh; HR = Hagenbach Reserve; SF = 
Siebenthaler Fen; PS = Pasteurized Soil; and WF = Woodman Fen 
